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FOREWORD 


Several  attempts  have  been  made  in  the  past  by  scientists  experimentally  active  in  thermodynamics  of  alloys  either  to 
organize  discussion  meetings  or  to  find  a  niche  at  some  other  conference.  All  these  efforts  have  not  succeeded  in  establishing  a 
permanent  sequence  of  meetings  which  would  provide  a  possibility  for  a  recurrent  exchange  of  information  and  results  for  the 
practitioners  in  this  field  of  science.  Two  years  ago,  in  April  1988,  another  discussion  meeting  was  held  in  Vienna,  Austria, 
with  a  strong  possibility  that  another  attempt  would  come  to  naught.  By  gentle  persuasion  our  Spanish  colleagues  could 
be  induced  to  pick  up  the  torch  and  organize  the  sequel  conference  in  May  1990  -  and  with  the  promise  of  Prof.  Hertz  to 
follow  up  with  a  discussion  meeting  in  Nancy,  France,  in  1992  a  series  of  conferences  has  been  finally  established  which  should 
provide  a  sounding  board  for  ideas  and  results  in  th*.  field  of  thermodynamics  of  alloys. 

The  present  proceedings  of  the  discussion  meeting  in  Sant  Feliu  de  Guixols  show  the  breadth  of  interests  and  the  interna¬ 
tional  scope.  Scientists  of  nine  countries  met  for  four  days,  presented  their  results  and  exchanged  experiences.  It  would  be 
indeed  arbitrary  to  try  and  select  high  lights  from  among  the  papers  presented  in  these  proceedings,  and  it  will  be  best  left 
to  the  reader  to  choose  according  to  his/her  interests. 

It  was  very  gratifying  to  note  the  presence  of  many  younger  scientists  who  by  their  contributions  demonstrated  that  they 
are  quite  ready  to  continue  and  promote  the  field  of  thermodynamics  of  alloys.  This  discussion  meeting  would  not  have  been 
possible  without  the  superb  organization  by  Prof.  Mora  and  Prof.  Clavaguera,  and  their  coworkere.  They  not  only  chose  a 
lovely  place  on  the  Costa  Brava  but  also  took  care  to  provide  a  well  balanced  mix  of  science  and  relaxation.  The  international 
scientific  community  owes  them  a  great  debt-  both  for  a  job  extremely  well  done  as  far  as  the  conference  is  concerned  and  for 
forging  the  so  far  missing  link  to  establish  a  continuing  series  of  like  meetinp. 


K.L.  Komarei 

University  of  Vienna 


PREFACE 


This  especial  issue  of  *  Anales  de  Ffsica*  contains  the  proceedings  of  the  Discussion  Meeting  on  Thermodynamics  of  Alloys 
which  was  held  in  Sant  Feliu  de  Guixols  (Costa  Brava,  Catalonia)  Spain,  from  23  to  26  May  1990,  organized  by  the  Physics 
of  Materials  Group  of  the  Autonomous  University  of  Barcelona 

The  scientific  program  covered  different  aspects  of  the  determination  of  thermodynamic  quantities,  possible  theoretical 
modeling  and  calculations.  It  consisted  of  seven  plenary  lectures  of  one  hour,  twenty  two  oral  and  ten  poster  contributions. 

The  Discussion  Meeting  was  attended  by  about  sixty  scientists  comming  from  ten  countries,  reflecting  the  interest  in  the 
research  and  development  of  the  thermodynamic  problems. 

In  this  proceedings  are  compiled  most  of  the  plenary  lectures  and  the  contributed  papers  presented  at  the  Discussion 
Meeting.  The  later  were  subjected  to  a  fast- refereeing  procedure  during  the  Discussion  Meeting  and  revisions  have  been 
made  if  necessary.  We  express  our  thanks  to  all  the  authors  for  accepting  to  keep  their  papers  limited  in  leu£t'  an^  for  their 
cooperation  in  preparing  camera-ready  typescripts.  Also,  thanks  are  due  to  the  various  referees  for  their  critical  reauiny  uf 
the  papers. 

Finally  it  is  our  pleasure  to  announce  that  the  next  Discussion  Meeting  will  be  held  in  Nancy,  probably  in  1992,  being 
chaired  by  Professor  J.  Hertz. 


Bellaterra/Barcelona,  August  1990 


M.D.  Bard 
N.  Clavaguera 
S.  Surinach 
Editors 
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DETERMINATION  OF  THE  THERMODYNAMIC  PROPERTIES  OF  FORMATION 
OF  ALLOYS  AT  HIGH  TEMPERATURES 

J.  HERTZ  and  J.C.  GACHON 


Laboratory  of  Metallurgical  Thermodynamics 
University  of  Nancy  I  -  U.R.A  CNRS  1108 
B.  P.  239  -  54506  Vandoeuvre-les-Nancy  Cedex  (France) 

Abstract  :  The  determination  of  the  thermodynamic  functions  of  formation  of  alloys  is 
examined  in  the  light  of  the  own  experience  of  the  authors.  At  high  temperature.where  the 
entropy  term  becomes  important  for  the  stability  of  each  phase  it  is  very  important  to  obtain  the 
two  components  of  the  Gibbs  function  :  the  enthalpy  and  the  entropy.  Experimental 
measurements  of  the  chemical  potential  allow,  by  derivation  versus  temperature,  to  deduce  the 
partial  enthalpy  and  the  partial  entropy.  But  for  an  accurate  knowledge  of  the  enthalpy, 
calorimetry  is  needed.  There  exist  two  types  of  calorimetric  method  :  direct,  by  reaction 
between  the  components  of  alloys  or  indirect  mixing  calorimetry  in  a  solvent.  In  any  case  the 
most  efficient  way  is  to  "cross"  the  experimental  values  obtained  for  the  enthalpies  with  other 
results  involving  the  Gibbs  function.  In  this  direction  the  "Calphad"  method  can  be  used  as  a 
real  experimental  tool  when  a  good  knowledge  of  the  phase  diagram  is  available*^  is  also 
possible  to  "cross"  the  enthalpies  with  E.M.F.,  vapor-pressure,  mass-spectrograpny  ...  The 
determination  of  a  complete  set  of  thermodynamic  data  for  each  system  appears  a&  a  real 
strategic  game. 


At  the  beginning  of  the  preparation  of  this 
lecture  we  first  thought  of  speaking  only  about  the 
experimental  ways  to  measure  the  thermodynamic 
properties  of  formation  of  alloys.  In  fact  our  lab  in 
Nancy  is  especially  an  experimental  laboratory  and, 
since  many  years,  we  have  engaged  heavy  experimental 
programs  in  view  of  determining  thermodynamic 
functions  related  to  the  formation  of  alloys.  But 
considering  ihe  strong  interaction  existing  hetween  the 
real  experimental  measurements  and  the  estimations  of 
data  obtained  by  optimizations  of  phase  diagrams,  we 
think  that  it  is  more  equitable  to  speak  about  the 
"determination"  of  thermodynamic  properties. 

The  choice  of  the  method  to  determine  any 
numerical  value  in  the  ticid  of  thermodynamics  is 
never  predetermined  and  nobody  can  pledge  his  word 
that  any  such  particular  way  is  the  best.  In  fact  any 
determination  of  a  thermodynamic  quantity  for  any 
system  is  based  on  the  analysis  of  the  situation  : 

1)  What  has  to  be  done  with  such  a 
determination? 

2)  How  many  time  can  we  spend  to  obtain  it? 

3)  What  is  the  budget  allowed  to  get  it? 

4)  Does  it  exist  anybody  in  the  world  who  already 
got  a  value  of  that  quantity  ?  (literature 
exploration). 

5)  Is  it  possible  that  any  technique  devcloppcd  in 
my  surroundings  can  produce  a  good  direct  or 
indirect  information  on  this  numerical  value? 

If  the  balance  of  all  these  arguments  decides 
your  group  to  undertake  the  determination  of  this 
numerical  quantity  you  are  engaged  in  a  strategic 
game. 

I  •  What  kind  of  thermodynamic  properties 
for  alloys? 

1  -  1  The  Gibbs  function 


Alloying  properties  are  determined  by  the  Gibbs 
function  g  and  inis  function  can  be  taken  as  composed 
of  two  parts,  the  enthalpy  and  the  entropy  terms  : 

g  =  h  -  T.s  (1) 

Any  integral  quantity,  in  a  multicomponent  system,  is 
the  sum  of  its  partial  quantities: 


i 

(2) 

with 

u .  =  h-  -  T  s. 

(3) 

h  =  Xxj  h; 

(4) 

(5) 

Chemical  potentials  pjr  are  the  partial  molar 
quantities  of  the  Gibbs  function.  Measurement  of  any 
Gibbs  function  requires  the  establishment  of  a 
reversible  equilibrium  in  a  cell  and  the  determination 
of  all  the  component  chemical  potentials.  The  universal 
method  to  do  that  is  the  mass  spectrography  in  which  it 
is  possible  to  measure  independently  the  chemical 
potentials  of  all  the  species.  This  is  a  very  heavy  and 
difficult  technology  which  needs  very  specialised 
groups.  I  am  not  familiar  with  it  and  I  don't  like  to 
speak  about  it.  Recently,  Nccker  has  published  a  very 
complete  review  of  this  question  (1).  In  addition  to 
mass  spectrography  there  exist  various  other  methods 
to  obtain  information  on  the  chemical  potentials  in  the 
system  : 

-  vapor  pressure  measurements  and 
fonivalcnt  methods :  effusion  -iestic  .... 

-  e.m.f  measurements. 

Generally  speaking,  by  such  methods,  we  are  not 
able  to  characterise  all  the  chemical  potentials  of  all  the 


2 


species.  But  if  we  are  dealing  with  binary  systems  the 
measurement  of  one  component  chemical  potential  is 
enough,  considering  the  Gibbs  Duhem  isobaric  - 
isothermal  relation  : 

X,  dpi+  *;dp;  =  0  (()) 

which  can  be  integrated. 

1-2  The  entropies 

Gcneraly  speaking  entropies  are  the  most 
difficult  quantities  to  obtain  :  the  unique  way  to 
measure  directly  this  kind  of  function  would  be  the 
integration  of  hem  capacities,  Cp,  from  0  to  T/K  : 

,i 

c 

s-  -y  d'l  using  the  Nemst  postulate  (7  ) 

o 

We  think  that  only  a  few  laboratories  (or 
perhaps  none)  in  the  world  are  engageu  in  such  a 
program  of  determination  of  Cp  in  wide  ranges  of 
composition  and  temperature. 


The  Van  t'Hoff  derivation 


i  nese  two  tormuiae  express  that  both  enthalpies 
and  entropies  can  be  determined  starting  only  from 
Gibbs  measurements  at  different  temperatures. 

1  -  4  The  enthalpies 

But  the  best  method  to  measure  accurately  the 
enthalpies  remains  the  calorimetry.  The  heat  llow 
linked  to  any  evolution  of  a  system  placed  in  die  cell 
of  a  calorimeter,  at  constant  pressure,  measures 
directly  the  Vanulion  AH  of  the  system  enthalpy. 

1  -  5  Crossed  strategies 

It  is  often  possible  to  combine  the  Gibbs  integral 
or  partial  functions  with  the  enthalpy  :  if  it  is  possible 


1  -  3  The  two  derivations  of  the 
Gibbs  function 

In  fact,  the  most  information  concerning 
entropies  is  deduced  from  Gibbs  function 
mcasuteno  ,i'.s.  There  exist  two  kinds  of  derivation  of 
the  Gibbs  funcoon  : 

The  Gibbs-Hclmhol/  derivation 


h  -  i; 

to  measure  separately  g  and  h  we  deduce  >  v 
without  any  derivation  versus  temperature. 

1  -  6  General  view  on  the  experimental 
primary  informations 

Table  1  summarises  the  primary  methods  to 
obtain  experimental  function  of  mixing  :  it  can  been 
seen  that,  the  most  often,  integral  enthalpies  and 
partial  Gibbs  potentials  arc  got.  Nevertheless  for 
liquid  phases  the  partial  enthalpies  are  also  often 
available. 


Table  I  Primary  exoerimental  information  for  binaries. 

Thermodynarrnc  functions  of  mixing. 

hi 

h 

Hi 

g 

Liquid 

alloys 

Direct  reaction 
calorimetry  by 
addition  of 
components 

1)  Integration  of  hi 

2)  Direct  reaction 
calorimetry  at  various 
concentrations 

Mass  rpectrography 

vapor  pressure 
effusion  /isopicstic 

Gi bbs- Duhem 
integration  or  similar 
(CALPIIAD-modelisation) 

Solid 

solutions 

1 )  indirect  mixing 
calorimetry 

in  a  solvent  ba'h 

2)  Direct  reaction 
calorimetry  starting 

from  components 

mass-spec  Irography 

1-..M.I' 

vapor  pressure 
isopicstic 

(ribbs-Duhem 
integration  or 
similar 

(CAI.PHAD  modelisaOon) 

Compound 

1)  Indirect  mixing 
calorimetry  in  a 
solvent  bath 

3}  Direct  reaction 
calorimetry 

3)  Precipitation  of  a 
compound  .n  a  liquid  hath 
3-1  stoechiomctric 
composition 

3-2  Luler  equation  with 
partial  enthalpies 

ma-ss-s|>cciiography 
h.MT  in  a 
two- phase  domain 

Gi  bbs- Duhem 
integration  or  similar 
(CALPIIAD-  modelisation) 
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2  -  Optimization  of  phase  diagrams 

(CALPHAD  Methods) 

There  exist  also  various  programs  lor 
optimization  of  phase  diagrams.  This  method  can  be 
used  cither  for  determining  the  equilibrium  phases  in  a 
system  under  various  conditions  or  also  (on  the 
contrary)  for  estimating  the  thermodynamic  functions 
of  mixing  of  any  phase  in  the  system.  The  results 
which  are  obtained  depend  slightly  on  the  model  used 
for  representation  of  the  Gibbs  functions  and  also  on 
the  mathematical  method  of  optimization.  Nevertheless 
there  is  a  universal  method  to  transforme  a  lot  of 
fragmentary  information  about  thermodynamic 
properties  (for  a  system)  into  a  full  set  of  coherent 
data.  (Table  II).  We  call  this  method  the  "CALPHAD 
method”  by  reference  to  the  international  group 
devoted  to  the  development  of  such  optimizations. 
Polynomial  developments  of  the  excess  Gibbs  energy  is 
a  rather  old  idea.  Historically,  for  binaries,  the  method 
is  related  to  Margulcs  equation  (10),  where  the  excess 
Gibbs  function  is  expressed  by  a  polynomial 
development  of  one  mole  fraction  x 


gC=x(l-x)X  ajx'  (10) 

o 

An  improvement  was  introduced  by  Redlich  and  Raster 
(11)  for  binaries,  using  simultaneously  the  two  mole 
fractions  : 


gc  =  xi  X2  £ai  (xi  -  x  2)  1  (11) 

o 

This  kind  of  development  can  be  easily  extended 
to  ternaries  and  multi-component  systems.  Hillcrt  (12) 
has  presented  a  review  of  these  extensions  for 
ternaries.  The  interest  of  the  first  Redlich-Kister 
asymctric  term  concerns  its  identity  with  the  first 
degree  term  of  orthogonal  Legendre  polynomials  : 

xi  -X2  =  2x  -  1  (12) 

These  orthogonal  polynomials  have  been  used  by 
Pelton  et  al  (3)  and  more  recently  by  our  group  in 
Nancy  in  the  program  NANCYUN  (  6) 


Table  II _ Optimization  of  the  phase-diagram 


Ingredient  inputs: 

(fragmentary  information) 

modelisation  of 

the  excess  Gibbs  functions 

output  :  full  coherent 
set  of  data 

x  (T)  line 

l)  Polynomial  development 

x  ('0  lines 

hi 

'l-*A‘C*T '  Pelton  (2) 

hi 

h 

"Lukas"  (3) 

h 

si 

"Extxd"  Oonk  and  al  (4)  cl  (5) 

Sl 

s 

"Nancyun"  (6) 

s 

Ui 

2)  Suhlattice  model  :  Hillcrt  (7) 

pi 

g 

'Thermo-Calc''  Sundman  and  Agrcn  (8) 

3)  Hoch  and  Arpshofcn  model(9) 

4)  Statistical  models 

g 

Fig  1  Calvct's  type  sensor  designed  by  Gachon  for  service  up  to  1900K. 

The  thermopile  contains  about  400  thermocouple-junctions. 
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3  -  High  temperature  calorimetric  data 

Now  what  about  the  meaning  of  high 
temperature  measurements  ?  It  is  possible  to 
define  the  high  temperature  domain  as  the  diffusion 
domain,  for  metallic  phases,  which  is  located  above 
about  half  of  the  melting  temperature  of  the  phase 
expressed  in  kelvins.  For  lead  alloys,  for  instance,  high 
temperature  starts  at  room  temperature.  But  we  are 
sure  that  the  organising  committee  of  this  meeting 
would  be  somewhat  disapointed  if  we  limit  this  lecture 
to  room  temperature  experiments.  Generaly  speaking 
there  exist  a  lot  of  new  experimental  difficulties  when 
working  above  lCKKTC.  This  is  the  reason  why  we 
have  chosen  to  speak  about  the  determination  of 
thermodynamic  data  of  mixing  above 
1000 'C... These  new  experimental  difficulties  concern 
three  main  points  : 

I  -  The  choice  of  the  sensor  to  detect  the 
calorimetric  heat  effect, 

II  -  The  reaction  of  the  metallic  substance  with 
t fie  crucible, 

III  -  The  high  vapor  pressure  of  the  alloys  which 
can  induce  important  losses  of  mater  by  vaporisation 
or  sublimation,  associated  with  a  systematic  error  for 
the  heat  of  mixing.  To  avoid  this  difficulty,  it  seems  to 
us,  that  the  best  way,  when  possible,  is  to  obtain  a  very 
quick  reaction  between  the  condensed  phases  dropped 
into  the  calorimeter,  so  that  the  vaporisation  process 
becomes  no  significant  during  the  reaction 
measurement.  That  means  that  always  higher 
temperatures  will  be  needed. 

We  would  not  like  to  do  here  a  complete  review 
of  the  calorimetric  methods  in  metallurgy,  this  has 
been  done  very  recently  by  Castanet  (14)  for  the  Nato 
school  "Thermochemistry  of  alloys"  and  wc 
recommand  the  lecture  of  this  highly  documented 
review.  Prcviouscly,  wc  have  also  presented  a  review 
focusing  the  application  of  the  calorimetric  methods  in 
the  field  of  metallurgy  (15).  The  most  important  basic 
principles  of  calorimetric  methods  in  metallurgy  were 
well  described  (16)  by  Prcdcl,  Arpshofen  and  Pool  in 
1978. 

Calorimetric  thermopiles  for  Calvet-type  or 
similar  devices  are  efficient  up  to  1500°C  in  special 
apparatus.  But  at  this  high  temperature  the  lifetime  of 
the  sensor  is  often  very  short  and  wc  arc  considering 
the  sensor  as  a  consumable  part  of  the  calorimeter. 

Figure  1  shows  a  new  thermopile  designed  by 
Gachon.  This  sensor  is  made  of  more  than  400 
thermocouple  junctions  made  of  special  platinum 
alloys.  It  looks  like  a  real  Calvet-type  thermopile  and  it 
is  efficient  up  to  1600°C  in  an  oxidizing  atmosphere 
and  up  to  1500°C  in  a  highly  reducing  one. 

Up  to  2400°C  it  is  possible  to  perform  semi- 
quantitative  DTA.  Commercial  cells  are  built  of 
refractory  metals  like  tungsten  and  rhenium,  and  that 
means  that  only  a  reducing  atmosphere  is  ailowed 
(Figure  2). 


fig  2-The  2700  K  DTA  sensor  by  SFTARAM. 


3  -  1  Radiation  calorimetry 

But  the  real  new  improvement  concerns  the  use 
of  the  radiation  signal  of  the  sample,  at  high 
temperature,  to  measure  the  heat  flow.  Stefan's  law 
induces  that  the  radiation  heat  flow  becomes 
predominant  at  very  high  temperature.  Frohberg  (17) 
has  made,  with  his  coworkers,  in  Berlin,  a  levitation 
calorimeter  based  on  radiation  measurement.  The 
principle  of  the  device  is  explained  on  figure  3.  Using 
a  twocolor  pyrometer  it  is  possible  to  follow  the 
variation  of  temperature  of  the  sample  during  the 
reaction  process  and  to  correct  it  from  the  variation  of 
the  emissivity  coefficient.  Frohberg  determines  the 
time  when  the  loss  of  heat,  by  radiation,  is  equal  to  the 
gain  of  heat,  by  electrical  induction.  At  this  precise 
time  the  cxtrapoled  temperature-versus  time  curve 
crosses  the  correct  variation  of  temperature  linked  to 
the  reaction  (figure  4).  The  calorimeter  is  treated  as  an 
isopcribolic  one.  The  estimation  of  the  accuracy  gives 
about  ±  12  %  for  an  enthalpy  of  mixing  measured  at 
3000  K.  Figure  5  illustrates  the  results  obtained  with 
liquid  molybdenum  silicon  alloys  at  3000  K  (17).  Wc 
would  like  to  emphasise  that  such  a  procedure  avoid 
any  problem  of  reaction  with  the  crucible  (levitation) 
which  induces  drastic  difficulties  in  very  high 
temperature  calorimeters.  Nevertheless  the  loss  of 
product  by  vaporization  can  be  a  source  of 
difficulties. 
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Fig  3-The  radiation  calorimeter  designed  by  Arpaci  and  Frohberg 
(17)  with  his  "levitation  crucible”. 


Fig  4-Determination  of  the  time  t*  where  the  loss  of  heath  by 
radiation  is  compensed  by  the  electrical  heating. 


- regular  solution 

- colculotid  Irom  equation  116) 


Fig  5-  Integral  molar  heat  of  mixing  of  the  system  molybdenum-silicon  measured  ,  near  3000 K,  by  Frohberg  and  Arpaci  (17). 


3-2  Direct  reaction  calorimetry  for 
solid  and  liquid  phases 

3-2-1  Liquid  Phases 

At  lower  temperatures,  liquid  alloys  can  be 
synthetised  directly  by  dropping  small  pieces  of  a  pure 
component  in  a  molten  bath,  contained  in  the 
calorimetric  cell,  starting  either  with  a  pure  solvent  or 
with  an  prealloyed  liquid  with  a  well-known 
composition.  We  would  like  to  illustrate  this  technique 
by  an  exemple  of  Franco-Austrian  cooperation 
between  the  groups  of  Prof.  Bros  in  Marseille  and 


Prof.  Komareck  in  Vienna.  The  device  is  based  on  a 
Sctaram  high-temperature  fluxmeter,  highly  modified 
(18).  Figures  6  and  7  show  the  partial  and  integral 
enthalpies  of  mixing  obtained  by  Hayer  et  al  (19)  for 
gold-aluminum  liquid  alloys  at  various  temperatures. 
We  would  like  to  underline  the  high  quality  of  these 
measurements. 

Predel's  group  at  the  MPI  of  Stuttgart  has 
devoted  a  lot  of  studies  to  the  liquid  metallic  state  and 
built  particular  calorimete .  s  for  the  determination  of 
liquid  mixing  enthalpies.  With  a  well  stirred  liquid 
bath  it  is  not  necessary  to  have  a  full  heat-flux 
recording  like  in  a  Calvet  type  calorimeter. 


AHf  kJ-mol 


Fig  9-  Adaptation  of  the  Predel's  initial  calorimeter  to  higher 
temperature  range,  (up  to  1900K),  by  Llick  and  Predel  (21). 


Fig  8-  Liquid  mixing  calorimeter  by  Predel. 
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Only  a  few  thermocouples  are  enough  to  get  a 
representative  knowledge  of  the  heat  exchange 
between  the  cell  and  the  isothermal  block  of  the 
calorimeter.  Figure  8  shows  the  principle  of  the 
calorimeter  as  described  in  a  recent  review  by 
Sommer  (20).  The  sensor  is  built  in  at  the  bottom  of 
the  cell  between  the  crucible  and  the  isothermal  block. 
A  stirrer  can  be  pulled  to  the  upper  part,  when 
introducing  an  amount  of  liquid.  The  sample  is  first 
stored  and  melted  in  a  particular  crucible  situated  at 
the  top  of  the  cell,  maintained  at  the  cell  temperature 
and  closed  by  a  stopper.  In  the  initial  device  the  sensor 
was  made  from  chromel-alumel  thermocouples  which 
limited  the  temperature  of  use  to  1300  K.  More 
recently  Luck  and  Predel  (21)  built  a  new  version  of 
this  calorimeter  (figure  9),  efficient  up  to  1900  K.  In 
this  new  version,  only  two  thermocouples,  one  placed 
at  the  heart  of  the  bath,  the  second  in  the  block, 
deliver  the  thermal  signal.  Luck,  Arpshofen,  Predel 
and  Smith  (22)  have  compared  the  results  obtained 
with  this  calorimeter  or  with  a  SETARAM  high 
temperature  fluxmeter  in  the  vicinity  of  1800  K.  For 
the  liquid  (Ni,  Ti)  alloys  they  got  the  same  results 
(figure  10)  in  the  scale  of  the  experimental  uncertainty 
which  is  of  the  order  of  3  %. 


Fig  10-  Comparison  of  the  mixing  enthalpies  of  liquid  (Ni,  Ti) 
alloys,  measured  with  the  vacuum  calorimeter  or  with  the 
SETARAM  device,  after  Ltick  et  al.(22). 


Fig  1 1-  The  Indium-Tellurium  liquid  alloys  exhibit  very  important 
excess  Cp  near  1000K.  (After  Castanet  (23)) 


Te 


A  similar  technique  with  a  similar  device  is  also 
used  by  Dr  Castanet  in  Marseille  and  also  in  our  own 
laboratory  in  Nancy.  In  Castanet's  work  we  chose,  as 
an  exemple,  the  (In,  Te)  liquid  system,  where  the 
variation  of  the  enthalpy  of  mixing  within  the 
temperature  range  is  quite  evident  (23).  Figure  11 
illustrates  the  excess  Cp  detected  in  the  liquid  indium- 
tellurium  alloys  between  987  K  and  1344  K.  This 
phenomenum  is  linked  to  the  short-range  order  which 
disappears  at  high  temperature.  With  a  similar 
procedure  we  have  also  detected  in  Nancy  an 
important  excess  Cp  in  the  nickel-rich  part  of  nickel- 
hafnium  liquid  alloys.  The  discrepancy  between  the 
enthalpies  of  mixing  in  this  system  at  1633  and  1743 
K,  measured  by  Selhaoui  and  Gachon  (24)  is  very 
important  (figure  12)  and  corresponds  to  an  excess 
mean  value  of  about  80J/moleK,  atxnf  =  0,15. 


3-2-2  Solid  phases.  This  last 
particular  study  is  also  a  good  introduction  to  the 
technique  used  for  measuring  the  enthalpy  of 
formation  of  stoichiometric  compounds  by 
precipitation  in  the  liquid.  The  congruent  melting  point 
of  the  Hf2Ni7  compound  was  measured  at  1705  K  by 
ATD  (24).  For  this  reason  the  enthalpy  curves 
obtained  at  1633  and  1743  K  look  very  different  from 
each  other  (figure  13).  At  1633  K  it  is  clear  that  the 
two  rectilinear  enthalpies  of  mixing  (versus  XHf), 
obtained  on  both  sides  of  the  compound,  cross  each 
other  at  the  x  =  0,22  concentration.  This  can  be  used 
to  measure  the  stoichiometry  of  the  compound. 

We  found  very  impressive  the  small 
scattering  of  the  experimental  points,  at  such 
a  high  temperature.  The  mean  deviation  is  only 
of  the  order  of  about  ±  200  J/mole. 


e 


Fig  12-  The  Hafnium- Nickel  liquid  alloys  exhibit  also  very  high  values  of  excess  Cp,  near  1700  K.  Under  the  congruent  melting  point,  it  is 
possible  to  measure  directly  the  stoichiometry  and  the  enthalpy  of  formation  of  the  llf2  Ni7  compound. (After  Selhaoui  and  Gachon  (24)). 


On  the  contrary,  the  accuracy  of  the  calorimeter  itself 
is  much  lower.  Figure  13  exhibits  the  deviation  of  the 
results  obtained  at  1743  K,  when  calibrating  the 
calorimeter  with  pure  nickel  samples  taken  at  room 
temperature  (24).  The  standard  deviation  is  about  5  % 
of  the  measured  value.  Nevertheless,  in  such  cases,  the 
results  we  got  for  the  enthalpy  of  mixing  is  highly 
reproducible.  This  fact  is  due  to  the  "compensation 
effect"  between  the  endothermic  heat  effect  of  the 
pure  nickel  at  room  temperature  when  falling  into 
the  cell  and  the  exothermic  effect  of  the  reaction.  As 
an  exemple,  at  1633  K,  for  XHf=  0,20  we  had  to 
measure  less  than  180  J  for  a  result  of  1,3  kJ.  This 
compensation  effect  is  obtained  with  any  highly 
exothermic  reaction.  These  is  one  of  the  most 
important  advantage  of  the  "direct  reaction 
calorimetry". 


CALORIMETER 
SENSITIVITY 
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Fig  14-  The  "compensation  effect" 
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MASS  OF  NICKEL  Figure  14  illustrates  the  compensation  effect  obtained 
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Fig  13-  The  calibration  of  the  calorimeter  :  the  mean  deviation  is 
about  5%.(  Selhaoui  and  Gachon  (24)). 


by  synthetising  a  Pd2Zr  compound.  In  the  first  step 
(from  A  to  B)  the  endothermic  cooling  of  the  crucible 
by  the  cold  sample  is  apparent.  From  B  to  D  the 
exothermic  reaction  is  active,  crossing  the  base  line  in 
C.  Within  a  few  minutes  the  total  reaction  is  achieved. 


s> 


The  same  technique  of  precipitation  in  the  liquid 
was  used  in  our  laboratory  to  measure  the  enthalpy  of 
formation  of  the  GaMo3  compound.  In  this  particular 
case,  the  two  "partners"  exhibit  the  most  important 
discrepancy  between  their  melting  temperatures  : 
303  K  for  Gallium  and  2890  K  for  Molybdenum. 
High  temperature  calorimetry  near  1500  K  allows  us 
to  precipitate  the  compound  when  dropping  small 
pellets  of  compressed  pure  molybdenum  pow  r  into 
the  liquid  bath.  Figure  15  shows  the  result  obtained  by 
Belgaccm-Bouzida  at  1523  K  (25)  by  this  technique.  In 
the  two-phase  domain,  the  partial  enthalpies  of  mixing 
hc,a  and  hMo  remain  constant  (fig.  15),  and  the  integral 
enthalpy  of  formation  of  the  compound  Mo3Ga  is 
obtained  by  the  Euler  equation  : 

hf  (Moo.75  Gao.25)  =  0.75  hMo  +  0.25  ItGa 

But  it  is  also  quite  possible  to  measure  directly 
the  integral  enthalpy  of  the  M03  Ga  compound  by 
dropping  into  the  cell  of  the  calorimeter  a  mixture  of 
powders  of  the  two  components,  weighed  and  pressed 
in  the  right  proportions.  The  results  we  got  (25)  by  the 
two  techniques  are  compatible  and  the  precision  on  the 
mean  value  is  about  5  %  : 

Precipitation  in  the  liquid  (fig.  15) 

h*  (Gao.25  Moo.75,  1573  K)  =  -  19725  ±  1000  J/mol 

Direct  integral  reaction  (2  runs) 
hf  (Gao.25  Moo.75.  1423  K)  =  -  18600  ±  1300  J/mol 
Direct  integral  reaction  (3  runs) 
hf(Gao.25Moo.75,  1523  K)  =  -  17900  ±  1000  J/mol 

Reference  states  for  the  experiments  were  solide 
molybdenum  and  liquid  gallium. 

Direct  reaction  calorimetry  is  also  suitable  for 
various  synthesis  reactions  involving  a  metal 
component  alloyed  with  a  non  metal.  Bcrkanc  and 
Gachon  used  this  method  in  our  laboratory  lo  measure 
directly  the  enthalpies  of  formation  of  chromium 
carbides  (26).  Table  III  compares  their  results  with  the 
combustion-calorimetry  of  carbides,  taken  in  literature 
(27,  28,  29,  30).  It  is  evident  that,  (in  spite  in  of  the 
fact  that  direct  reaction  calorimetry  remains 
inaccurate),  in  this  case,  the  precision  of  this  method  is 
five  times  better  than  that  of  the  combustion 
calorimetry. 

Another  advantage  of  integral  synthesis  is  to 
follow  the  variation  of  stoichiometry  of  a  carbide. 
Figure  16,  as  an  example,  illustrates  the  variation  of 
the  enthalpy  of  formation  of  the  Tii-x  Cx  phase  versus 
x  (0.32  <  x  <  0.50),  measured  by  Bcrkanc  in  our 
laboratory  by  direct  reaction  above  1500°C  (31).  In 
these  experiments  the  reaction  is  not  very  quick  and 
this  is  the  reason  of  the  relatively  important  scattering 
of  the  results,  in  particular  near  the  x  <  0.50 
border.  It  is  interesting  to  observe  that  the 
extremum  of  the  enthalpy  does  probably  not 
correspond  to  the  stoichiometric  compound  TiC. 


Fig  15-  Precipitation  of  the  Mo3Ga  compound  in  the  liquid-solid 
mixture.  By  Belgacem-Bouzida,  Notin  and  Hertz  (25). 


Fig  16-  Direct  reaction  calorimetry  between  Ti  and  C,  to  explore 
the  whole  range  of  non-stoichiometry  of  the  B1  carbide.  By 
Berkanc,  Gachon  and  Hertz.(31)  The  experimental  scattering  is 
linked  to  the  long  delay  needed  to  obtain  the  complete  reaction. 
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Table  III  enthalpies  of  formation  of  (Cr,  C)  compounds 

Direct  reaction  calorimetry  at  1723  K  and  comparison  with  combustion  calorimetry 

units  :  J/molc 

h*  (1723  K) 

MAH 

MAH  revised  * 

MAH  revised 

DAWSON 

(26) 

(27) 

by  JANAF 

by  KULKARNI 

and  SALE 

(28) 

and  WORREL 

(30) 

(29) 

1/29  Cr23C6 

-  9400  ±  1000 

-  13700 

-  11300 

-  9350 

-  10200 

1/10  Cr7C3 

-  10700  ±  1800 

-  18100 

-  16100  - 

-  14300 

-  14900 

1/5  Cr3C2 

-  10000  ±  600 

-  18800 

-  17100 

-  15600 

-  16200 

*  Comments  :  The  results  obtained  by  combustion  calorimetry  are  strongly  dependent  of  the  value  adopted  for 
the  enthalpy  of  formation  of  the  oxide  Cr203. 


MAH  (27)  used  hf  (Cr2()  3 )  -  -  276,6  k  cal/mole,  but  this  value  has  been  revised  by  JANAF  (28)  and  by 
KULKARN1  (29). 

In  any  case  the  uncertainty  on  this  reference  enthalpy  is  about  ±  8  kJ  for  two  moles  of  chromium,  inducing 
in  the  final  result  an  uncertainty  of  ±  5500  J  for  the  enthalpy  of  formation.of  the  carbide 


Table  IV  :  Adaptation  of  the  Dench  and  Kubaschewski 

procedure 

T2 

(Fe)  +  (Mn) 

->  hm  (T2)  — >  (Fe,  Mn) 

->  0 

— >  (Fe,  Mn) 

h2  T 

Kubitz  t  hi 

and  Hayes 

Dench 

Th3 

Tl 

(Fe)  +  (Mn) 

— >  0  ->  (Fe)  +  (Mn) 

->  hm 

(Tl)  -»  (Fe,  Mn) 

Thirty  five  years  before,  Kubaschewski  and 
Dench  (32,33)  proposed  another  method  to  obtain  the 
alloying  enthalpy  of  mixing  (at  room  temperature) 
using  an  adiabatic  device.  The  operating  method 
consisted  to  use  the  calorimeter  as  a  DSC  system 
heating  a  mixture  of  the  components  from 
room  temperature  up  to  high  temperature  where  the 
reaction  took  place,  the  total  heat  effect  being 
integrated.  During  a  second  run.  only  the  heat  content 
of  the  alloy  was  characterised.  By  subtracting  the  total 
heat  effect  of  the  second  run  from  the  first  one,  they 
obtained  the  heat  of  mixing  at  room  temperature. 

The  Dench  and  Kubaschewski  calorimetric 
procedure  has  been  more  recently  adapted  by 
Kubaschewski  and  Grundmann  (34),  and  also  by 
Kubitz  an  Hayes  (35)  to  obtain  the  enthalpy  of  mixing 
at  high  temperature,  instead  of  room  temperature. 
Table  IV  give  the  principle  of  this  modification. 

During  the  second  heating,  the  heat  contents  of 
the  pure  components,  taken  in  the  same  quantity,  is 
measured  without  mixing  to  obtain  hm  (T2) : 

hm  (T2)  =  hi  -h2  (13) 

While  the  Dench’s  initial  procedure  gave  hm  (T|) ; 

hm  (T,)  =  hi  -h3  (14) 


enthalpy  of  formation  of  the  solid  phase,  in  the  middle 
part  of  the  diagram,  is  about  -  3000  J/mole  while  the 
magnitude  of  the  heat  content  between  300  and  1400  K 
is  of  order  of  25000  J  :  this  is  the  reason  why  the 
results  appear  relatively  scattered.  The  total  measured 
quantity  is  about  seven  times  greater  than  the  required 
mixing  enthalpy. 


mol  fraction  Mn 

Fe  0,1  0,2  0,3  0,4  0,5  0,6  0,7  0,8  0,9  Mn 


The  results  obtained  by  Kubitz.  and  Hayes  (35) 
for  the  enthalpies  of  mixing  of  the  (Fe,  Mn)  solid  f.c.c. 
solution  at  1443  K  arc  presented  in  figure  17.  The 


I;ig  17-  F.nthalpics  of  mixing  of  the  (Fe,  Mn)  y  alloys  at  1443  K 
After  Kubitz  and  Hayes  (35) 
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A  variant  of  Kubaschewski’s  and  Dench's 
method  has  been  developped  simultaneously  by  two 
groups  of  the  university  of  Genova  respectively  led  by 
Professors  landelli  and  Ferro.  The  idea  is  to  use  a 
fluxmetric  calorimeter  at  increasing  temperature,  to 
start  between  the  components  a  reaction  which  gives  a 
very  important  heat  during  the  reaction.  This 
exothermal  effect  is  sufficient  to  achieve  the  complete 
reaction,  after  starting,  without  any  other  external 
heating.  Starting  temperatures  are  in  the  vicinity  of 
600  K.  The  first  description  of  such  a  procedure  was 
given  by  Palenzona  in  1973  (36). 


Fig  18-  The  calorimeter  designed  by  Capelli,  Ferro  and  Borsese 
for  the  determination  of  the  enthalpies  of  formation  of  solid  phases 
with  strong  exothermal  effect 


Capelli,  Ferro  and  Borsese  built,  in  1974,  a 
fluxmetric  calorimeter  containing  4  cells  in  the  same 
isothermal  block  (37)  (fig.  18).  A  mixture  of  the 
components  is  heated  by  an  electrical  wire  up  to  the 
start  of  the  alloying  reaction.  The  total  heat  effect, 
corresponding  to  the  electrical  heating  (known  energy) 
and  to  the  chemical  reaction,  is  determined  by  an 
isoperibolic  procedure.  Both  methods  were  widely 
applied  by  the  two  groups  for  measurements  of  heats 
of  formation  of  intermetallic  compounds  having  a  high 
congruent  melting  temperature  and  a  highly  negative 
enthalpy  of  formation.  In  particular,  alloys  of  Ca,  Ba, 
Sr  and  especially  intermetallic  compounds  with  rare- 
earth  components  were  studied.  As  an  illustration  of 
the  results  obtained  in  Genova,  we  chose  to  present  on 
figure  19  a  comparison  between  Miedema's  model 
predictions  and  experimental  measurements  obtained 
by  Borsese,  Borzone  and  Ferro  (38)  and  by  Palenzona 
and  Cirafici  (39)  for  various  rare-earth  compounds.  It 
is  important  to  underline  that  the  methods  used  in 
Genova  do  not  need  very  high  temperature 
calorimeters. 


Dy  10  20  30  40  at  %  Sb  60  70  60  60  Sb 


Fig  20-  (Torres  pondance  between  the  high  melting  points  of  the 
compounds  in  the  (Dy,  Sb)  system,  (after  Mironov  et  al  (40)) 
and  the  enthalpies  of  formation  measured  by  Ferro  et  a)  (41 ). 
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AHform(Kcal/gat);  experimental 

Fig  19-  Comparison  between  Miedema's  predictions  and  experimental  enthalpies  of  formation  of  rare-earth  compounds,  measured  by 

Borsese.Borsone  and  Ferro  (38),and  by  Palenzona  and  Cirafici  (39). 


The  two  groups  in  Genova  are  still  working  on 
systematic  studies  of  properties  of  binary  and  ternary 
compounds  obtained  by  reaction  of  a  rare  earth  with 
low  melting  temperature  components  :  Bi,  In,  Sn,  Sb, 
Zn.  Due  to  their  highly  negative  entalpies  of 
formation,  these  compounds  exhibit  a  series  of  very 
high  congruent  melting  temperatures.  As  a  exemple  the 
vapor  constrained  diagram  of  Dysprosium  antimonides 
is  presented  on  figure  20,  according  to  the  work  of 
Mironov,  Abdusalyamova  and  Bumashev  (40).  It  will 
be  noticed  that  such  diagrams  can  only  be  obtained  in 
sealed  crucibles,  considering  the  high  equilibrium 
pressure  of  antimonium.  The  shape  of  the  liquidus  line 
in  the  Dysprosium  rich  part  has  to  be  reconsidered  for 
its  thermodynamic  consistency.  Nevertheless  the 
general  trend  of  the  diagram  is  correct  and 
corresponds  to  the  enthalpies  of  formation  measured 
by  Ferro,  Borzonc  and  Cacciamar.i  (41)  (fig.20).  The 
enthalpies  of  formation  of  the  rare  earth  antimonides 
are  summarised  on  figure  21  after  Ferro  (42).  The 
enthalpies  of  formation  of  the  equiatomic  compounds 
of  the  serie  are  about  -120  kJ/mole  of  atoms.. 


-20 


-30 


l*  C*  Pf  Nd  Sm  Zu  Tft  Oy  Ho  £r  Tm  Yb  lu 


Fig  21-  Enthalpies  of  formation  of  rare-earth  antimonides  after 
Ferro  (42). 
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3  -  3  -  2  -  The  choice  of  the  solvent 


3  -  3  Indirect  mixing  calorimetry  in  a 
solvent 

3-3-1  Principle  of  the  method 

Many  laboratories  used  indirect  calorimetry  to 
obtain  the  mixing  enthalpy  of  solid  solutions  and 
compounds.  The  principle  is  explained  in  the  following 

scheme : _ 

Ti  x(A)  +  y  (B)  — »  Ax  By  hn^Ti) 

dissotutkn:  h J  X  l^i-  hj'i' 

T2  (final  mixed  state  in  a  solvent) 


hm  (Ti)  =  (hi  +  h?.)  -  h3  (15) 

It  consists  to  obtain  the  same  final  mixed  state. 
Starting  from  the  pure  components  ,  taken  in  the  right 
proportions,  we  get  (hi  +  h2)  and  starting  from  the 
presynthetized  solid  phase  we  measure  (I13). 

3-3-1-  The  superiority  of  this 
method  is  evident  in  the  followings  cases 

.  a)  The  compound  is  unstable  at  high  temperature 

and  disappears  by  peritectic  or  peritectoid 
decomposition, 

b)  The  time  needed  to  achieve  the  synthesis  of 
the  solid  phase  is  too  long  (for  instance,  one  week,  one 
month  ...)  and  becomes  incompatible  with  direct 
reaction  calorimetry, 

c)  The  quick  direct  synthesis  reaction  cannot  be 
achieved  in  actual  calorimetric  devices  for  various 
reasons  :  reaction  with  the  crucible,  too  high 
temperature  needed  ... 

d)  The  compound  is  obtained  in  particular 
conditions  (like  high  pressure  synthesis)  which  cannot 
be  realised  in  calorimetric  devices. 


In  the  past,  many  laboratories  had  chosen  an 
acid  aqueous  solvent  which  could  be  used  in  room 
temperature  calorimeters.  Generaly  speaking,  in  this 
case,  the  enthalpies  of  mixing  in  the  solvent  are  much 
too  high  to  allow  an  accurate  measurement. 
Considering  equation  (15)  the  formation  enthalpy  of 
the  compound  is  obtained  by  subtracting  two  terms  one 
to  the  other  :  if  the  result  hm  (Ti)  is  too  small  by 
comparison  with  the  measured  mixing  enthalpies,  the 
result  becomes  very  inaccurate.  It  is  often  the  case  with 
acid  calorimetry  where  the  mixing  enthalpies  are  ten 
times  higher  thar  the  result.  Many  laboratories  use 
now  metallic  bathes,  but  there  exist  two  variants  of  the 
method. 

a)  The  liquid  metallic  bath  is  used  at  quasi¬ 
infinite  dilution  :  in  this  particular  case,  several  runs 
can  be  realised  one  after  the  other  with  the  same  bath, 
depending  on  the  volume  of  the  crucible.  This 
technique  is  the  most-common  method  and  many 
laboratories  are  familiar  with  it. 

b)  The  final  mixed  state  is  a  concentrated  liquid 
alloy  with  a  well-know  composition.  In  this  case, 
any  individual  run  is  realised  with  a  mixture  of  the 
pure  components  and  the  solvent  metal,  or  with  a 
mixture  of  the  compound  and  the  solvent  metal,  which 
provides,  in  the  final  state,  the  right  composition  of  the 
liquid  phase.  This  technique  is  the  original  method  of 
Topor  and  Kleppa,  which  has  been  extensively  applied 
to  measurements  of  the  enthalpies  of  formation  of 
refractory  borides,  silicides  and  more  recently  to 
intermetallic  compounds.  The  solvent  metal  used  is 
often  germanium.  Topor  and  Kleppa  have  given  in  a 
recent  synthesis  an  extensive  list  of  the  systems  that 
they  have  studied  by  their  original  technique  (43) 

As  a  solvent  they  use  a  mixture  made  of 
platinum  and  germanium,  or  of  palladium  and 
germanium,  or  of  copper  and  germanium,  or  also  of 
copper  and  silicium,  providing  in  any  case  a  relatively 
low  melting  point  for  the  alloy. 


Table  V 

Comparison  between  the  enthalpies  of  formation  of  some  equiatomic  transition  intermetallic  compounds  measured 
by  mixing  calorimetry  at  1473  by  TOPOR  and  KLEPPA  (43)  or  measured  by  direct  reaction  calorimetry  by 
GACHON  (44),  by  SELHAOUI  (24),  and  by  JORDA  et  al  (45). 

Compound 

enthalpy  of  formation  at  room 
temperature  by  mixing  calorimetry' 
kJ/(mol) 

(43) 

enthalpy  of  formation  near  1500K 
by  direct  reaction  calorimetry 
kJ/(moi) 

PdTi 

-  103,2  ±  12,7 

-  106,0  ±  6 

(44) 

PdZr 

-  122,6  ±  7.0 

-  124,0  ±  10 

(44) 

PdHf 

-  134,8  ±  7.8 

-  131,2  ±  5 

(24) 

RhZr 

-  75,9  ±  3,5 

-  75,8  ±  5 

(45) 

CoHf 

-  94,9  ±  6,1 

-  102,0  ±  3 

(24) 

NiHf 

-  118,5  ±  4,9 

-  95,8  ±  4 

(24) 

PtTi 

-  159,3  ±  12,9 

-  154.2  ±  6 

(24) 

PtZr 

-  191,9  ±  12,4 

-  180,0  ±  20 

(44) 

PtHf 

-  227,3  ±  13,2 

-  226,0  ±  12 

(24) 

3  -  3  -  4  -  Some  illustrations  of 
mixing  calorimetry 

Recently,  Topor  and  Kleppa  (43)  in  Chicago  by 
mixing  calorimetry,  and  Selhaoui  (24),  Gachon  (44) 
and  Jorda  et  al  (45)  by  direct  reaction  in  Nancy  have 
studied  the  same  systems  by  the  different  techniques. 
The  enthalpies  of  formation  of  many  intermetallic 
(A,  B)  transition  compounds,  with  A  taken  in  the 
(Ti,  Zr,  HO  family  and  B  in  the  triade  group,  have 
been  established.  The  published  results  obtained  for  the 
equiatomic  phases  allow  us  to  make  some 
comparisons  :  (table  V) 

i)  Gencraly  speaking  the  two  types  of  results 
are  compatible 

ii)  In  many  cases  the  estimation  of  the  mean 
deviation  is  bigger  for  the  mixing  calorimetry  :  this  is 
quite  understandable  if  we  compare  the  effective 
published  data  to  the  real  measured  enthalpies,  using 
mixing  calorimetry.  As  an  example  Topor  and  Kleppa 
(46)  used  the  liquid  quaternary  mixture  Coo.05  Hfo.05 
Pto.2  Geo.7  to  measure  the  enthalpy  of  formation  of  the 
CoHf  compound.  In  a  scries  of  2  x  5  runs  they  got 

Ahf  (CoHf)  =  (617.2  ±  2.2)  -  (716.4  ±  7.3) 

=  99.2  ±7.6  kj/mol 

iii)  Mixing  calorimetry  gives  the  enthalpy  of 
formation  of  the  compound  at  the  room 
temperature  state,  while  direct  reaction  calorimetry 
at  high  temperature  state. 

Nevertheless  indirect  mixing  calorimetry 
remains  the  only  method  when  the  phase  under 
scrutiny  disappears  at  high  temperature.  As  an  example 
in  the  molybdenum-gallium  system  there  exist  two 
line-compounds  :  GaMo3  which  decomposes  near  2100 
K  and  GaMos  which  decomposes  at  1115  K  (figure 
22).  We  have  seen  before  that  it  has  been  possible  (25) 
to  synthetise  the  GaMo3  compound  directly  in  the  cell 
of  the  calorimeter  and  also  to  obtain  the  precipitation 
of  this  compound  in  the  cell,  by  adding  pure 
molybdenum  to  a  saturated  liquid  gallium- 
molybdenum  mixture.  On  the  contrary  the 
determination  of  the  enthalpy  of  formation  of  the 
second  compound  required  indirect  mixing 
calorimetry.  Belgacem-Bouzida  (25)  synthetised  the 
MoGas  compoud  by  powder  metallurgy  at  low 
temperature  (680°C,  one  month  annealing).  It  was 
possible  to  dissolve  this  compound,  at  1573  K  and 
infinitite  dilution,  in  a  pure  gallium  bath  to 
measure  indirectly  : 


Ahf  (Moo.26  Gao.84,  300  K)  = 
(35645  ±  2000)  -  (56170  ±  2000)  = 
-  20525  ±  300QJ/mol 


Mo  6* 

Fig  22-  The  calculated  phase  diagram  of  the  (Mo,  Ga)  system. 

An  aluminium  bath  is  often  chosen  to  dissolve 
alloys  exhibiting  a  high  oxygen  affinity  .The  dissolution 
of  the  first  sample  is  sufficient  to  avoid  any  further 
oxygen  trace  in  the  melt.  It  is  a  well  know  fact  for  the 
practicians  that  the  first  experiment  in  mixing 
calorimetry  is  generally  not  reliable  in  contrast  of  the 
following  runs.  Colinet,  Pasturel,  Percheron-Gu6gan 
and  Achard  (47)  have  studied  the  correlation 
existing  between  the  enthalpies  of  formation  of  the 
La(Ni(i-x)Cox  )5  phase  and  the  affinity  ot  this  phase 
for  hydrogen.  A  pure  molten  aluminium  bath  was 
used.  Figure  23  shows  the  enthalpies  of  mixing  they 
got,  four  time  greater  than  the  formation  enthalpies  of 
the  compounds  (same  figure).  On  the  other  hand  they 
studied  the  Gibbs  enthalpy  of  hydrogenation- 
deshydrogenation  of  the  compounds  by  measuring  the 
pressure  equilibrium  plateau  versus  temperature. 
Figure  24  shows  the  results  obtained.  The  conclusion 
was  that  the  more  stable  the  "LaNis"  type  compound 
was,  the  less  stable  they  found  the  hydride. 

CoifcNiys  La1(6Co5s 


0  02  0*  06  08  1  0  02  0  4  06  08  ’ 

Fig  23-  Composition  dependence  of  :  (a)  the  heat  of  dissolution  in  Aluminum,  at  infinite  dilution,  and  (b)  the  enthalpies  of  formation  of  the 
I-a(Ni i  ,x  Co,)5  phase  :  after  Colinet.  Pasturel.  Pcrchcron-Gucgan  and  Achard  (47). 
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Fig  24-  Standard  Gibbs  energies,  enthalpies  and  entropies  of  formation  of  hydrides  in  the  La  (Nii-x  Co*) 5  solid  solution  :  the 
more  stable  the  solid  solution,  (see  figure  23).  the  less  stable  the  hydride.  After  Colinet,  Pasturel,  Percheron  -Guegan  and  Achard  (47). 

4  -  Measuring  the  Gibbs  potentials 

4  -  1  Vapor  pressure  measurements 


One  of  the  classical  technique  is  the  Knudsen 
effusion-torsion  method  that  many  laboratories 
have  practised.  Fig.  25  represents  the  apparatus  of 
Hayes  and  Me  Hugh  (48),  with  which  these  authors 
measured  the  manganese  Gibbs  potential  in  various 
(Fe,  Co,  Mn)  ternary  solid  alloys.  The  well  known 
principle  is  to  create  a  mechanical  couple  by  effusing 
vapor  between  two  holes  bored  in  the  crucible.  A  thin 
tungsten  torsion  wire  equilibrates  the  couple  which  is 
measured  optically  with  help  of  a  mirror.  In  the  past 
time  we  used  the  same  technique  in  Nancy.  The  most 
important  objection  to  this  method  is  that  the 
instrument  deviation  is  roughly  proportional 
to  the  activity  of  the  volatile  component  in  the 
crucible  whereas  the  Gibbs  potential  is  measured 
in  the  logarithmic  scale  of  this  activity.  As  a 
consequence  it  is  not  possible  to  explore  a  wide  range 
of  chemical  potentials  by  such  a  technique  . 

Figure  26  shows  the  results  got  by  Hayes  and  Me 
Hugh  for  the  binary  (Fe,  Mn)  system  at  1350  K.  It  is 
clear,  on  this  figure,  that  the  wide  domain  they 
explored  does  not  exceed  two  powers  of  ten  in  the 
manganese  activity  scale.  Activities  at  1350  K  are 
represented  on  the  figure  27  by  open  circles.  If  we 
want  to  obtain  the  excess  entropy  of  the  y(Fe,  Mn) 
alloys  we  can  observe  that  1350  K  is  very  close  to  the 
P  ->  y  equilibrium  temperature  of  the  pure  manganese 
(1360  K).  For  this  reason  the  reference  state  for 
manganese  activities  does  not  vary  sensitively  when 
changing  P  to  y,  Mn*  reference  state.  The  ideality  line 
is  near  the  diagonal  drawn  inside  the  square  (fig  27).  It 
appears  that  the  thermodynamic  behavior  of  these 
alloys  seems  quasi-ideal  at  1350  K.  That  mcon6  : 
ge  =  hm  -  Tse  =  o 

Comparing  this  result  with  the  enthalpies  of  mixing 
measured  by  Kubitz  and  Hayes  (35)  we  deduce  that  the 
excess  entropy  of  mixing  is  negative  with  roughly  the 
same  shape  as  the  enthalpy  curve  (fig  17)  in  the  scale 

f T^j  and  a  maximum  of  about  (-2,2)  J/mol  K. 


Rg  25-  The  torsion-effusion  apparatus  of  Hayes  and  Me  Hugh 
(48). 


ASp  (  J  K'^  mol’  of  H 2 
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The  isopiestic  method  developed  by  Komarek 
and  his  group  in  Vienna  (49)  seams  to  me  a  more 
efficient  way  to  explore  a  wide  range  of  chemical 
potentials.  It  consists  to  impose  the  vapor  pressure  of 


.ng  27-  Manganese  activity  in  the  solid  (re,  Mn)  soiid  solutions  :  f  ig  28-  Manganese  activity  in  the  (5  Pt  Mn  phase  at  1273  K. 

left  side  y  phase,  right  side  a  phase  .  I  I  phase  transition.  Comparison  with  a  theoretical  model,  (solid  Unc),by 

After  Haves  and  Me  Hugh  (48).  Krachlcr,  Ipscr  and  Komarek  (51). 
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Fig  2^-  Manganese  activity  in  the  [V  PdMn  phase  at  1273  K. 

Comparison  with  a  theoretical  model,  (solid  line),  by 
Krachlcr,  Ipscr  and  Komarck  (50). 

An  original  Knudscn  type  method  was  proposed 
by  Hehenkamp  in  Gdltingcn.  It  consists  to  trap  the 
effused  vapor  on  frozen  targets  (water  cooled  discs) 
placed  in  front  of  the  Knudscri-ecll  orifice  and  to 
analyse  by  electron  microprobc  the  thin  films  obtained. 
Fig  .30  shows  the  apparatus  (52).  The  concentration 
profiles  measured  on  the  discs  arc  in  very  good 
agreement  with  the  theoretical  Clausings  distribution 
law  versus  angular  deviation  in  the  space,  as 
demonstrated  by  Hehenkamp  and  Liidccke  (53).  Fig  31 
shows  an  experimental  curve  which  corresponds  to  the 
theoretical  Clausing  s  profile. 


Fig  31-  Distribution  of  Antimony  on  a  Copper  substratefor 
different  temperatures  and  exposure  timcs.TTic  experimental 
profile  corresponds  to  the  theoretical  Clausings  spatial  distribution 
law.  After  Hehenkamp  and  l.iidecke  (53). 

By  this  technique  and  by  diffusion  measurements  too, 
the  group  of  Gottingen  has  studied  the  thermodynamic 
behavior  of  various  a  c.f.c.  dilute  solutions.  The 
solvent  is  either  Cu,  Ni  or  Ag  and  the  solute  elements 
are  chosen  with  various  valences  (Cd  or  Zn  =  2),  (In  = 
3),  (Sn  =  4),  (Sb  or  As  =  5).  In  any  ease  it  appears  that 
the  Raoull-Henry  law  is  unsatisfied  for  very  dilute 
solutions  (typically  x  solute  <  5  at  %).  The  Raoult  law 
can  be  expressed  with  the  Darken  function  ai  of  the 
solvent  by 

pic  =  ai  RT  Xj  with  ai  =  constant  (16) 

The  Lupis  stability  function  <p  (54)  can  be 
defined  in  isothermal,  isobaric  conditions  by  : 

d  In  a,  d  In  aj 

(p  =  dT^  =  dunrJ  =  1  ?<v>x2  (i7) 

If  Raoult’s  law  is  correct,  an  attractive  negative 
ai  interaction  docs  correspond  to  a  positive  slope 
associated  with  a  negative  curvature  for  the  <p  (x2) 
curve.  On  the  contrary,  Hehenkamp  and  Liidc  V  (53) 
observe  in  a  silver  dilute  alloys  a  positive  curvature 
associated  with  negative  ai  coefficients.  The  results 
obtained  with  various  solutes  can  be  plotcd  on  a  single 

curve  when  using  ciccuonir  concentration  ^  j  instead 

of  the  mole  .Taction  of  the  solute  (fig  32)  The  same 
behaviour  appears  in  the  Ni-Sn  dilute  alloys  (fig  3?) 
The  Gibbs-Duhem  integration  of  equation  (16)  gives 
the  excess  Gibbs  potential  of  the  solute  (Henry’s  law) : 


Fig  30-  The  effusion  apparatus  for  vapor  pressure  measurements, 
by  Hehenkamp  (52). 


p'  =  a,RTx*  +  constant 


(19) 
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Rg  32-  The  Lupii  stability  function  far  silver  alloys,  after 
Hehenkamp  (52).  The  observed  curvature  does'nt  satisfy 
equation  17  .with  negative  oj. 
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Fig  33-  The  Lupis  stability  function  in  dilute  (Nl,  Sn)  alloys,  after 
Hehenkamp  (52).Equabon  17  remains  unsatisfied  for  curvature. 
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Fig34- Shifted  chemical  excess  potential  of  Antimony  in  Copper- 
base  alloys.  From  equation  19,  with  aj  negative,  the  initial 
expected  slope  would  be  positive. After  Hehenkamp  (52). 


with  a  negative  ai,  a  positive  slope  and  a  negative 
curvature  are  expected,  from  equation  19,  for  the 
Pe2(x2)  curve.  The  contrary  is  observed  in  the  dilute 
(Cu,  Sb)  solutions,  (fig  34),  with  a  prononced 
minimum  at  low  concentration,  attributed  by 
Hehenkamp  (52)  to  the  high  difference  in  metallic 
radius. 

4-2  The  E.M.F.  method  and  the 
necessity  of  the  "crossed"  strategies. 

The  most  usefull  method  to  determine  a  Gibbs 
potential  in  alloys  is  the  E.M.F  technique.  The  reason 
why  this  technique  is  a  so  efficient  one  is  linked  to  the 
Nemst  law  : 


where  Api  is  the  difference  of  the  Gibbs  potential 
between  the  two  electrodes  for  the  species  carrying  the 
charge  and  nF  the  transferred  charge.  The  measured 
quantity  is  directly  proportional  to  the  Gibbs  potential 
and  activities  are  obtained  in  the  logarithmic  scale, 
which  offers  the  possibility  of  a  wide  range 
exploration. 

Two  types  of  cells,  differing  by  electrolytes,  are 
generally  used  for  alloys  : 

-  molten  salt  mixtures, 

-  solid  state  electrolytes. 

Above  1000°C  solid  electrolytes  are  needed. 
With  solid  electrolytes  the  experimental  limitations 
arise  from  two  opposite  constraints  : 

i)  at  too  low  temperatures  the  ionic  conductivity 
is  to  small  to  allow  any  correct  measurement  (too  high 
impedance  of  the  cell) 

ii) -  at  too  high  temperatures  the  electronic 
conductivity  increases,  especially  when  highly  reducing 
equilibria  are  needed. 

It  is  not  the  place,  here,  to  develop  into  details 
the  E.M.F.  technique.  Several  papers  have  been 
presented  in  1987  at  the  NATO-ASI 
Thermochemistry  of  Alloys"  in  Kiel.  In  particular  wc 
recommend  Schaller's  review  (55)  devoted  to  solid- 
state  galvanic  cells  and  the  publication  of  Egan  (56) 
concerning  the  coulometric  titration  with  a  CaF2 
original  cell.  The  most  used  solid  electrolyte  is  CaF2 
which  exhibits  an  important  ionic  transference  number 
from  very  low  to  very  high  oxygen  activity. 

We  would  like  to  illustrate  on  an  example  the 
importance  of  the  "crossed  strategies"  when  using 
Gibbs  potential  measurements.  Recently  Du  Sichen, 
Sectharaman  an  Staffansson  (57)  measured  in 
Stockholm  chromium  activities  in  three  mixtures  of  the 
(Cr,  C)  binary  system  : 

a)  Cr3C2/C  b)  Cn  C3/Cr3  C2  c)  Cr23  CfJCr,  C3 


Three  CaF2  cells  were  used  : 

(-)Cr,  Crl;2,  Caf;2  I  CaF2  I  CaF2,  CrF2,  (mixed  caibides)(+) 

The  E.M.F  delivered  by  the  cells  between  1000 
and  1200  K  could  be  fitted  by  the  following  three 
equations  : 

E  (a)/r.iV  =  72,9  +  0,0589  T 
E  (b)/mV  =  18,5  +  0,0677  T 
E  (c)/mV  =  38,3  -  0,01976  T 

Figure  (35)  summarises  these  equations,  for 
which  a  rough  estimation  of  the  mean  deviation  is 
about  ±  3  mV. 

The  Stockholm  group  did  not  use  the  direct 
enthalpy  measurements  we  have  got  (26,31)  for  his 
determinations  of  the  hf  and  sf  quantities  of  the 
carbides.  We  should  like  to  demonstrate  here  that  the 
slope  derivation  method  can  induce  systematic  errors 


that  can  be  avoided  by  various  crossed  strategies.  The 
Gibbs  function  for  the  three  carbides  are  given  in  these 
experiments  by 

*f(rc'3C2)42rE(,) 

*f(iCr7C3)-f(^r3C0+M2rEO,)-*f(TC^I 

•U°^)=,Uc,jc3>S-kXwew-»Uo^I 

The  calorimetric  results  we  got  in  Nancy  (31)  have 
been  "crossed"  with  a  CALPHAD  optimisation  of  the 
phase  diagram  (26  et  31).  It  is  also  possible  to  "cross" 
the  Gibbs  potential  measurements  with  the  calorimetric 
measurements.  Table  VI  shows  that  the  "slope"  method 
can  induce  heavy  systematic  errors  in  the  results, 
which  can  be  avoided  by  the  mixed  strategies.  On  the 
other  hand  the  two  crossed  strategies  give  quite 
compatible  results. 


Table  VI  :  Two  "crossed"  strategies  for  the  determination 
of  the  enthalpies  and  entropies  of  formation  of  chromium  carbides 

1/5  Cr3  C2 

E.M.F.  after  (57) 
gf  (1100  K)  = 

-  15945  ±  350 

hf  (J/mol)  (26,  31) 
Calorimetry  measurements  (21) 

-  9955  ±  600 

sf  (J/mol  K) 

crossing  the  results 
+  5,44  ±  r 

Calphad  strategy 
without  E.M.F(26) 

-  10100 

+  6,43 

Slope  method  alone 
by  E.M.F  (57) 

-  8400  ±  450 

+  6,82  ±  0,40 

1/10  Cr7  C3 

E.M.F  after  (57) 
gf  (1100  K)  = 

-  16145  ±  450 

Calorimetry  measurements 

(26,31) 

-  10700  ±  1800 

crossing  the  results 

+  4,95  ±  2 

Calphad  strategy 
without  E.M.F  (26) 

-  10791 

-6,48 

Slope  method  alone 
bv  E.M.F  (57) 

-  7230  ±  430 

8,38  ±  0,4 

1/29  Cr23  C6 

E.M.F  after  (57) 
gf  (1 100  k)  = 

14939  ±  550 

Calorimetry  measurements 

-  9400  ±  1100 

crossing  the  results 

5,0  ±  1,5 

Calphad  strategy 
without  EMF  (26) 

-  9250 

3.79 

-  7276  ±  340 

4.60  ±  0.33 
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Fig  35-  The  emf-lemperalure  relationships  for  cells  (a),  (b),  (c) 
by  Du  Sichen,  Seetharaman  and  Staffansson  (57). 


Conclusion 

In  this  lecture  we  have  tried  to  explain  that  the 
determination  of  the  thermodynamic  quantities  of 
mixing  is  a  strategic  game.  This  is  true  for  all  systems, 
organic  and  inorganic  ones.  But  more  attention  have  to 
be  given  to  the  "crossed"  strategies  like  CALPHAD 
method  or  EMF  associated  with  calorimetric 
measurements,  when  looking  at  high  temperature 
domains,  (alloys,  ceramics).  At  high  temperatures  the 
influence  of  the  entropy  of  mixing  in  the  Gibbs 
function  becomes  very  important  and  for  this  reason 
scientists  have  to  be  carefull  with  this  quantity  often 
badly  known. 
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Abstract.- 

The  "diffusivity"  of  an  n-component  alloy  is  a  property  matrix,  containing  (n-l)2 
diffusion  coefficients,  that  can  be  measured  by  analyzing  diffusion  couples.  The  present  work 
is  concerned  with  selecting  diffusion  couples  which  will  minimize  errors  that  are  associated 
with  a  variation  of  the  diffusivity  with  composition.  It  is  proposed  that  couples  be  made  from 
alloys  with  the  same  determinant  of  the  diffusivity.  With  this  criterion,  it  is  shown  that  in 
"ideal  solutions"  variations  in  the  free  energy  are  not  important,  while  in  "regular  solutions'" 
the  free  energy  may  either  increase  or  decrease  the  variation  depending  on  the  regular 
solution  parameters. 


L-  Introduction 

Recent  developments  in  diffusion  theory  and  in 
computer  modeling  of  diffusional  reactions  have  made 
it  possible  to  make  quantitative  predictions  about 
complex  alloys.  These  developments  have  created  a 
need  for  multicomponent  diffusion  data. 

Although  diffusion  couples  can  be  used  for 
measuring  diffusivities  in  higher  order  alloys,  the 
analyses  require  that  the  diffusivity  be  approximately 
constant  in  the  diffusion  zone  of  the  couple.  Therefore, 
both  the  alloys  used  in  the  couple  and  the  change  in 
diffusivity  with  composition  are  important. 

Each  element  of  the  diffusivity  matrix  is  a 
function  of  kinetic  and  thermodynamic  properties. 
These  can  be  approximated  with  tracer  diffusivities 
and  thermodynamic  data  measured  for  binary  alloys. 
The  present  paper  is  concerned  with  using  this 
information  to  design  diffusion  couples  which  will  give 
the  most  accurate  diffusivity  measurements. 


2.-  Background 

When  measuring  diffusivities  with  diffusion 
couples,  the  initial  concentration  differences  between 
alloys  in  the  couple  are  a  primary  experimental 
variable.  This  variable  can  be  expressed  as  a 
"composition  vector"  (Thompson  and  Morral,  1986)  for 
an  n-component  system  as: 

A  0°  =  [AC?,  A  Cl . ACd0.,]  (1) 


in  which  the  components  of  the  vector  are  initial 
concentration  differences  between  the  alloys  on  the  left 
and  right  side  of  the  couple: 


When  using  an  analysis  that  assumes  "constant 
diffusivity"  both  the  length  and  the  orientation  of  the 
vector  must  be  considered. 

It  is  apparent  that  the  length  of  the  vector  must  be 
as  small  as  possible  in  order  to  reduce  the  range  of  the 
diffusivity  in  the  diffusion  zone.  However  for  ternary 
and  higher  order  systems  the  vector  orientation  will 
affect  the  range  of  the  diffusivities  as  well.  In  principle 
there  are  favorable  orientations  that  minimize  errors. 
The  problem  is  to  predict  the  most  favorable 
orientations. 

It  is  well  known  (e.g.  Kirkaldy  and  Young,  1987a) 
that  for  an  n-component  system  the  diffusivity  is  an  (n- 
l)x(n-l)  matrix,  [DJ.  This  complicates  the  problem 
because  each  element  of  the  matrix  is  expected  to  vary 
with  composition  in  a  different  way,  as  observed  for 
example  by  Vignes  and  Sabatier  (1969)  and  by  Nesbitt 
and  Heckel  (1988).  Therefore,  it  is  unlikely  that  one 
orientation  for  the  composition  vector  can  eliminate 
variations  in  all  elements  of  the  diffusivity  matrix. 

3.- The  constant  ID  I  approach 

In  order  to  simplify  the  problem,  it  will  be 
assumed  that  maintaining  the  determinant  of  [D] 
constant  ( 1  D  I  =  constant)  will  limit  errors  due  to 
variations  in  [DJ.  One  reason  for  choosing  ID  I  over 
other  properties  is  that  it  is  equal  to  the  product  of  the 
eigenvalues  of  [DJ.  The  eigenvalues  are  functions  of  all 
elements  of  [D]  and  are  rate  constants  for  the  process 
(Gupta  and  Cooper,  1971).  Another  reason  for 
considering  ID  I  is  that  it  allows  kinetic  and 
thermodynamic  effects  to  be  considered  separately.  The 
basis  for  the  separation  is  the  identity  (Kirkaldy,  1958): 


A  C?  =  C?  -  C? 


(2) 


[  D  ]  =  [  L  ]  [  G  ] 


(3) 


24 


in  which  [L]  is  a  matrix  of  phenomenological 
coefficients,  associated  with  a  laboratory  frame  of 
reference,  and  [G]  is  a  matrix  of  second  derivatives  of 
the  molar  free  energy  with  respect  to  mole  fractions: 


Gu  = 


d2G 


a  N|Nj 


/Nk*  N„ 


The  determinant  of  [D]  is: 


(4) 


I  0  1=  I  L  1 1  G  |  (5) 

As  will  be  seen  later,  the  determinants  of  [L]  and  fG] 
are  simplified  by  multiplying  and  dividing  by  the 
determinant  of  [G]  for  a  system  with  "ideal"  free 
energy: 


Gld  I  = 


(RTf  1 

flN, 


(6) 


The  new  determinants  are  I  L'  I  and  I G’  I  as  defined 

by: 


I  L’  |  =  |  L  |j  Gld 


and 


G- 1  =  , 


G  I 


Gld 


(7) 


(8) 


Equation  (8)  for  I G'  I  is  similar  to  a  function  which  has 
been  used  to  test  alloy  solution  stability  (Lupis,  1983). 


Now  the  orientation  of  AC0  which  keeps  ID! 
constant  will  be  calculated.  The  maximum  variation  of 
I D I  with  composition  occurs  for  the  direction  given  by 
the  gradient  of  I D I : 


Diffusion  couples  can  be  made  in  directions  of 
constant  I D I  except  in  binary  systems.  For  example  in 
a  ternary  system  I  D  I  is  constant  along  a  line  in  the 
two  dimensional  composition  space.  From  one 
diffusion  couple  prepared  along  this  line,  all  four  Du 
constants  can  be  obtained  with  an  analysis  (Thompson 
and  Morral,  1986)  that  combines  two  different  equations 
for  the  "square  root  diffusivity".  One  equation  is  a 
modified  form  of  an  equation  used  in  the  "Krishstal, 
Mokrov,  Akimov  and  Zakharov"  analysis  (1973). 

For  a  quaternary  system  ID  I  is  constant  along  a 
surface  in  the  three  dimensional  composition  space.  In 
this  case  two  diffusion  couples  must  be  used,  but  both 
composition  vectois  can  be  oriented  in  the  surface  of 
constant  I D I .  Regardless  of  the  number  of  components 
it  is  possible  to  prepare  all  required  diffusion  couples 
with  composition  vectors  that  are  perpendicular  to 
I  D  I .  However,  I  D  I  is  not  known  before  experiments 
have  been  performed,  therefore  it  must  be  estimated 
from  existing  data. 


3.1.-  A  model  for  IL’I 

Several  assumptions  are  made  in  order  to 
estimate  IDI.  First  IL’I  will  be  estimated  from 
measured  "tracer  diffusivities”,  Dj*,  by  assuming  that 
the  diagonal  "intrinsic"  phenomenological 
coefficients,  Lyl,  are  given  by  (Darken,  1947): 


l  _ 
n  - 


P*Ni 

RT 


(12) 


and  the  off-diagonal  intrinsic  coefficients,  Lyl,  are  zero. 

The  phenomenological  coefficients,  Ly,  are  related 
to  the  intrinsic  coefficients  by  (Kirkaldy  and  Young, 
1987b): 


L|j  =  SyL'.j  -  NjLl,  -  N,Ljj 

+  N.Nj  £  LU 

k=l 


(13) 


V  I  P  I  _  V  I  L*  |  V  |  G'  | 

|  D  |  |  L'  |  |  G’|  (9) 


in  which  the  del  operator  is  defined  by: 


GO) 


and  i  is  a  unit  vector  along  the  i-th  concentration  axes. 
It  follows  that  I D I  is  constant  when  the  "composition 
vector"  is  in  a  direction  perpendicular  to  I  D  I ,  i.e 
when: 


in  which  5jj  is  the  Kronecker  delta.  Combining  the 
equations  (7),  (12)  and  (13)  yields  the  following 
expression  for  I L'  I : 


•=i  j*i 


(14) 


and  for  the  gradient: 


i  *  (■>;•»;)  it »; 

VJLl  _  i^i _ uj_ 

M  2  n,  n  d; 

i=i  i*j 


V  |  D  |  •  A  C°  =  0 


(ID 


(15) 
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Equations  (14)  and  (15)  model  both  the  atomic  mobilities 
of  individual  atoms  and  the  composition  dependence 
introduced  by  the  Kirkendail  effect. 

The  free  energy  matrix  [G']  can  be  calculated 
when  appropriate  data  is  available.  Otherwise,  it  can  be 
modeled.  One  source  of  models  are  phase  diagram 
prediction  programs  which  can  be  readily  modified  to 
give  I G'  I .  When  necessary  ideal  and  regular  solution 
models  can  be  employed,  as  is  done  in  the  following. 


For  ideal  solutions  I  G'  I  is  equal  to  one,  as  seen 
from  equation  (8),  therefore: 

I  D‘d  I  =  I  L  |  nm 


Equations  (14)  and  (16)  applied  to  binaries  predict  that 
I  D>d  |  is  the  line: 

|  D,d  |  =  n,d;  +  d?n2  (17) 


Equation  (14)  and  (16)  applied  to  ternaries  predict  that 
I D I  is  the  plane: 


D|d  |  =  (n,d;d;  +  d;n2d;  +  d;d*2n3) 


which  is  illustrated  in  Figure  1,  also.  In  the  ternary 
case  it  is  possible  to  prepare  diffusion  couples  along  a 
line  of  constant  I D I  by  satisfying  equation  (9),  which 
reduces  to  the  condition: 


AC?  _  Dj  (d;  -  Da] 
ac?  d*2(d;-d;) 


Equation  (20)  indicates  that  when  one  of  the  tracer 
diffusivities  is  much  greater  or  much  less  than  the 
others  (e.g.  by  an  order  of  magnitude  or  more),  it  is  best 
to  make  diffusion  couples  along  a  line  where  that 
component  remains  constant. 


which  is  illustrated  in  Figure  1.  Equation  (17)  predicts 
a  constant  value  for  the  variation  in  I D I  with 
concentration. 


ternary 


D3D1 


binary 


Figure  1:  Plots  of  ID  I  versus  concentration  for  ideal 
binary  and  ternary  systems.  Lines  of  constant  I D I  are 
drawn  for  the  ternary  case. 


In  all  relationships  given  here  the  tracer 
diffusivities  are  assumed  constant.  It  is  only  because  of 
the  Kirkendail  effect  that  there  is  a  concentration 
dependence  of  IL'I.  If  all  tracer  diffusivit.es  were 
equal  there  would  be  no  Kirkendail  effect  and  then  I L 
would  be  a  constant  equal  to: 


In  the  case  of  regular  solutions,  I  D I  is  given  for 
binary  solutions  by  the  equation: 

|  D"*|  =  (N,D?  +  D?N2)(1  -  2N,N2Mi2)  (21) 


The  regular  solution  parameter,  tOjj,  is  defined  here  by 
the  "regular  solution"  heat  of  mixing  via  the  equation: 


A CL 

N|NjRT 


Equation  21  is  the  regular  solution  form  of  the  well 
known  equation  (Darken,  1948): 


D=  N,D2+  D,N2  1  + 


d  In  Yi 
9  In  y, 


Equation  21  is  plotted  in  Figure  2  for  the  case  of  a 
negative  heat  of  mixing.  It  can  be  seen  that  the  effect  of 
a  negative  heat  of  mixing  adds  to  that  of  a  slow  moving 
species  (the  right  side  of  the  figure)  to  cause  the 
greatest  variation  in  I  D  I ,  while  it  subtracts  from  that 
of  a  fast  moving  species  (the  left  side  of  the  figure).  A 
positive  heat  of  mixing  combines  in  the  opposite  way. 

In  ternary  regular  solutions  I D  I  is  a  surface, 
which  deviates  from  a  flat  plane  in  a  way  dictated  by 
the  following  equations: 


L"i=(p*r 


(18) 


Figure  2:  Plot  of  I  D I  for  a  "regular"  binary  system  that 
has  a  negative  heat  of  mixing. 

|G'|  =  1  -  2  (N1N2CO12  +  N2N3M23  +  N3N,(o3,) 
-N1N2N3AW  (24) 

in  which 

A  fil  =  +  0)3,  +  01), 

-  2  (0)23(031  +  U12CO23  +  0)31(023)  (25) 

A  contour  map  of  the  ID^gl  surface  is  given  for  an 
example  system  (Di*  =  D2*  =  D3*,  o)!3  =  0,  (1)12  =  -  0)23  = 
1)  in  Figure  3.  It  can  be  seen  that  diffusion  couples 
prepared  with  composition  vectors  laying  along  the 
contour  lines  will  have  different  orientations  depending 
on  the  average  composition  of  the  couple. 


Diffusion  couples  for  measuring  the  diffusivities 
of  multicomponent  systems  with  a  "constant 
diffusivity"  analysis  can  be  prepared  in  a  systematic 
way.  The  procedure  is  to  estimate  the  determinant  of 
the  diffusivity  from  existing  kinetic  and 
thermodynamic  data  and  then  to  prepare  diffusion 
couples  from  alloys  that  have  the  same  value  of  the 
determinant.  As  a  general  rule  this  will  require  having 
the  same  concentration,  in  all  alloys,  of  especially  fast 
or  slow  moving  atoms. 
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Figure  3:  Contour  map  of  I  D I  versus  composition  for  a 
regular  terna.^  system  consisting  of  binaries  with 
positive,  negative  and  zero  heats  of  mixing. 
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Abstract 

The  diffusion  couple  technique  for  studying  phase  reactions  in  order  to 
establish  phase  diagrams  was  modified  by  the  introduction  of  a  temperature 
gradient  parallel  to  the  developing  diffusion  layers.  By  metallographic 
preparation  and  inspection  of  the  diffusion  layers  phase  reactions  which 
occur  within  relatively  small  temperature  and  composition  intervals  can  be 
observed.  Results  for  the  Ti-N  system,  where  this  technique  was  applied, 
are  presented. 


1.-  Introduction 

The  interdiffusion  of  components  during  heat 
treatments  of  binary  diffusion  couples  is 
known  to  be  well  suited  for  studies 
concerning  phase  reactions.  It  has  been 
proven  by  several  authors  (e.g.  Heijwegen  & 
Rieck,  1974)  that  the  boundary  compositions 
of  the  occurring  diffusion  layers  represent 
equilibrium  values.  Due  to  the  spatial 
separation  of  diffusion  layers  of  phases 
even  when  their  compositional  difference  is 
very  small,  this  technique  appears  to  have 
considerable  potential  for  establishing 
phase  equilibria  even  in  such  binary  systems 
where  several  compounds  occur.  This  is 
especially  true  in  view  of  the  development 
of  microanalytical  techniques  such  as  EPMA. 
The  diffusion  couple  technique  has  already 
been  described  for  systems  with  refractory 
compounds  such  as  TiN.  Results  on  TiN-Ti 
interdiffusion  have  been  published  by 
Rennhack  et  al .  (1968),  McDonald  &  Wallwork 

(1970),  Wood  &  Paasche  (1974),  Bars  et 

al.  (1977),  and  later  by  Wolff  et  al.  (1985) 
and  Etchessahar  et  al.  (1987).  The  results 
obtained  by  these  authors  were  quite 
contradictory,  especially  with  respect  to 
the  decomposition  temperature  of  t-TiaN  (see 
Lengauer  &  Ettmayer  1987).  In  an  attempt  to 
resolve  these  discrepancies  using  arc¬ 


melting  and  quenching  techniques,  two  new 
high-temperature  titanium  nitride  phases 
were  found  (Lengauer  &  Ettmayer  1986a, 
Lengauer  1986b) .  These  phases  are  situated 
adjacent  to  the  t-phase  both  with  respect  to 
composition  and  to  temperature.  Due  to  the 
difficulties  connected  with  the  restricted 
homogeneity  of  arc-melted  buttons  and 
metallographic  phase  identification,  a 
diffusion  study  was  performed.  It  showed 
that  the  high-temperature  phases  indeed  form 
distinctive  diffusion  layers  characteristic 
of  the  phase  character  of  these  high- 
temperature  compounds.  From  a  series  of 
diffusion  couples  annealed  at  different 
temperatures  three  distinct  tentative  types 
for  a  Ti-N  phase  diagram  could  be  extracted 
(Lengauer  et  al.  1989).  These  are  shown  in 
Fig.l.  The  question  concerning  the  relative 
composition  of  t-TisN  and  ;-Ti«N3-x  (Fig.l 
type  b  or  c)  as  well  as  whether  these  two 
phases  overlap  with  respect  to  temperature 
(type  a  on  the  one  hand  or  type  b  or  c  on 
the  other)  had  to  be  left  unanswered. 

In  order  to  find  these  answers  we  modified 
the  isothermal  diffusion  couple  technique  by 
introducting  a  temperature  gradient  parallel 
to  the  developing  layers. 

This  modification  is  called  the  temperature 
gradient  diffusion  technique. 
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Fig .  1 

Variants  of  a  portion  of  the  phase  diagram 
of  the  Ti-N  system  consistent  with  results 
from  isothermally  annealed  diffusion 
couples . 


2.-  Experimental 

As  a  first  step  TiN-Ti  diffusion  couples 
were  prepared  by  isothermal  reaction  of 
titanium  plates  with  nitrogen  in  a  cold-wall 
autoclave  under  strict  precautions  to  avoid 
oxygen  contamination.  The  temperature  was 
adjusted  to  a  value  between  the  upper  and 
the  lower  temperature  limits  of  the 
subsequent  tube  annealing  procedure.  After 
the  heating  period  (the  duration  of  which 
was  dependent  on  the  temperature,  e.g.  20 
days  at  1423  K,  (1150*0)  the  samples  were 
cooled  to  room  temperature  within  a  few 
minutes.  The  resulting  samples  consisted  of 
a  gold  colored  30-50um  thick  6-TiN  layer 
surrounding  an  a-Ti (N)  core.  At  their 
interface  there  was  a  diffusion  layer 
composed  of  e-TiiN  which  had  formed  during 
the  cooling  cycle  below  1341  K  (1068*0. 


These  samples  were  aligned  and  positioned  in 
a  Mo-foil  holder  as  illustrated  in  Fig. 2.  A 
temperature  profile  of  the  position  where 
they  were  located  is  also  shown  in  Fig. 2.  In 
order  to  protect  the  samples  and  sample 
holder  from  reaction  with  air,  the  samples 
were  sealed  under  Ar  in  silica  tubes.  The 
tubes  were  placed  in  turn  in  a  ceramic  tube 
within  an  electronically  temperature 
controlled  SiC-heated  furnace  (Fig. 3).  After 
reaction  (typically  for  24  h  -  5  days)  the 
tubes  were  quenched  in  water.  While  the 
samples  were  being  pulled  out  of  the  furnace 
the  ceramic  tube  served  as  a  heat  buffer. 

The  temperature  profile  of  the  SiC  furnace 
was  measured  before  and  after  the  heat 
treatments  of  the  samples  by  introducing  a 
thermocouple  in  a  silica  tube  and 
positioning  it  in  exactly  the  same  manner  as 
the  samples.  Typical  deviations  in 
temperature  before  and  after  annealing  were 
1-3  K,  depending  on  the  temperature 
gradient . 
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Fig. 2 

A  temperature  profile  for  a  gradient  diffu¬ 
sion  experiment  together  with  a  schematic 
representation  of  sample  alignment. 


3.-  Results  and  discussion 

The  microsections  of  the  samples  annealed  in 
the  temperature  gradient  reflect  the  co¬ 
existing  phases  as  a  function  of  temperature 
and  composition.  On  the  axis  normal  to  the 
diffusion  layer  the  sequence  of  phases  with 
decreasing  nitrogen  activity  from  the 
surface  to  the  core  of  the  sample  can  be 
seen.  Paarallel  to  the  temperature  axis  the 
change  of  phase  sequence  with  temperature  is 
reflected.  This  is  the  same  representation 
as  used  for  phase  diagrams,  so  that  such  a 
sample  can  be  translated  directly  into  a 
phase  diagram. 

As  shown  in  Fig. 4  the  peritectoid 
decomposition  of  the  c-Ti2N  phase  can  be 
"observed"  directly  and  the  decomposition 
temperature  of  1341  K  (1068°C)  immediately 
deter  mined,  which  is  in  excellent  agreement 
with  recent  determinations  (Etchessahar  et 
al  .  1986,  Lengauer  &  Ettmayer  1987). 

Similar  results  could  be  obtained  for  all 
other  co-existing  phases  including  the  high- 
temperature  phases  r,-Ti3Nj-*  and  ;-Ti«N3-*. 
In  the  diffusion  bands  these  phases  were 
more  difficult  to  distinguish  optically 
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Fig. 3 

Schematic  representation  of  the  internal 
parts  of  the  SiC  furnace  for  a  gradient 
diffusion  experiment. 


Fig. 4 

Microsection  of  a  diffusion  band  reflecting 
the  decomposition  of  t-TijN  at  T  =  1341  K 
(1068° C)  as  obtained  by  a  gradient  diffusion 
experiment . 
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since  their  colors  are  less  intensive  in 
polarized  light  than  those  of  a-Ti ( N )  and  e 
Ti2N.  However,  the  microsect  ions  of 

diffusion  couples  unambiguously  reflect  the 
phase  sequence  in  the  Ti-N  system  both  as  a 
function  of  temperature  and  composition.  A 
representation  of  these  phase  equilibria  is 
shown  in  Fig. 5.  It  can  be  seen  that  with  the 
temperature  gradient  technique  two  three- 
phase  equilibria  which  occur  within  a 
temperature  interval  of  less  than  2  K  can  be 
observed . 

The  precision  of  the  technique  depends  on 
the  temperature  gradient  and  is 

theoretically  much  better  than  0.1  K. 
However,  if  the  temperature  gradient  becomes 
too  small  the  local  thermodynamic 
equilibrium  is  strongly  influenced  by  grain 
size  and  mechanical  stress.  It  was  observed 
near  the  thermal  stability  limit  of  the 
phase  that  the  layer  sometimes  disappears 
(and  hence  the  layer  sequence  changes)  when 
a  grain  boundary  of  the  adjacent  a-phase 
meets  the  diffusion  band.  To  avoid  this 
grain  size  effect  the  temperature  gradient 
should  not  be  too  small.  In  the  present 
study  gradients  between  8  K/cm  and  50  K/cm 
were  applied  with  consistent  results.  The 
extent  of  the  grain  size  influence  can  be 
observed  by  comparing  opposite  surfaces 
which  were  located  at  the  same  temperature 
but  had  a  different  grain  boundary- 
structure.  In  the  most  unfavorable  cases  -- 
where  relatively  thin  elongated  (.-TixNa-x 
grains  were  in  contact  with  the  large  a 
Ti(N)  grains  near  the  decomposition 
temperature  of  _-Ti«N3-x  --  the  precision 

was  t  3  K.  In  the  case  of  the  phase  reaction 
a-Ti(N)  +  _-Ti«Na-*  -->  r^-TiaNj-.  the  error 

was  about  ±  5  K  because  of  difficulties  to 
distinguish  the  crysta  I  lographica l ly  closely 
related  compounds  i(-Tij  Nj-«  and  .  -  Ti«  Ns  -  x  . 
For  the  phase  equilibria  >,  -Tij.Na-i  -->  a- 
Tl(N)  +  £  - T i 2 N ,  .-TixNs-x  -  -  >  1-T13N2-X  *  £  - 

T 12  N  and  TixNs-x  •  6  >  t  Ii2N>  the 

diffusion  bands  did  not  contain  the 
elongated  grain  size  and  the  effect  was  much 
less  pronounced.  The  precision  of  the 
nonvariant  three-phase  conodes  was  betrer 
than  0 . 5  K . 

The  absolute  accuracy  of  the  temperature 
measurement  is  determined  by  the  accuracy  of 
the  Pt/PtRh  thermocouples  together  with  the 


uncertainty  of  positioning  the  sample  in  the 
furnace  (t  1mm)  and  can  be  estimated  as 
±5  K.  Further  improvement  in  the  positioning 
of  the  samples  and  use  of  a  calibrated 
thermocouple  could  increase  the  accuracy. 

It  should  be  noted  that  there  are  problems 
associated  with  EPMA  measurements  of 
titanium  nitrides  due  to  the  very  strong 
overlap  of  nitrogen  and  titanium  lines 
(Bastin  et  al.  1988) .  A  study  is  in  progress 
to  determine  the  composition  of  the  layers 
by  means  of  well  characterized  Ti-N 
standards.  In  the  present  study  the 
composition  was  calibrated  during  probe 
measurement  against  £-Ti2N  assuming  that  it 
had  a  homogeneity  range  of  32  -  33  at%  N. 
Therefore  the  compositions  of  the  a-Ti(N) 
and  6-liNi-x  phases  (which  both  are  further 
away  in  composition  from  E-Ti2N  than  the 
other  phases)  are  too  high  and  too  low, 
respectively.  Together  with  more  exacc 
quantitative  EPMA  measurements,  which  will 
be  published  in  the  near  future,  it  will  be 
possible  to  supply  better  quantitative 
results  with  improved  precision  for  the  a- 
Ti(N)  and  6-TiNh-,  phase  boundary. 
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Abstract 

I'lir  cnthalpv  of  formation  of  ordered  ternary  alloys  with  LT> -structure  obtained  by  ternary  additions  to  Xi  jAl  was  determined  bv 
solution  calorimetry  in  liquid  aluminium.  The  concentration  dependence  of  the  enthalpy  of  formation  is  discussed  on  the  basis  of  a 
simple  statistical  treatment. 


1.  Introduction 

F«n  the  development  of  superolluvs  ami  advanced  alumi- 
nides  it  is  important  to  know  the  solid  solubility  of  ternary 
components  in  the  ordered  phase  NiiAl  and  their  thermodyna¬ 
mic  properties.  In  this  work  results  of  solution  calorimetry  are 
presented  to  determine  the  enthalpy  of  formation  as  a  function 
<>f  teinan  additions  to  NitAl  The  results  are  discussed  in  a 
simple  lb  tgg-W  illiams  model  taking  into  account  the  site  pre¬ 
ference  of  the  ternary  additions. 

2.  Experimental 

A  previously  described  calorimeter  {Sommer  ef  al.  1980. 
Oehme  rt  al.  1978)  was  used  to  determine  the  heats  of  for¬ 
mation  by  solution  calorimetry.  The  alumina  reaction  crucible 
contains  an  aluminium  bath  {about  1.3  mol  aluminium  with 
a  purity  of  99.9  ')  Calibration  was  carried  out  by  adding 
at  least  seven  aluminium  samples  of  mass  about  0.2  g  which 
have  a  known  enthalpy  content  from  room  temperature  ( Unit¬ 
erm  et  al  1973a).  The  individual  additions  of  the  alloys  and 
their  components  had  masses  of  about  0.3  g.  The  temperature 
change  oecming  during  the  dissolution  process  is  determined 
by  a  Ni-NiCi  thermopile  situated  directly  below  the  reaction 
<  rueibb-.  The  resulting  Inuit  effects  are  recorded  and  the  area 
under  the  A/  vs.  time  curve  corresponds  to  the  enthalpy  of 
dissolution  A//7  .  In  all  experiments  the  calorimeter  was  eva¬ 
cuated  and  flushed  with  high  purity  argon  (purity  99. 9 99 M  ) 
five  times  at  different  temperatures  during  heating  and  then 
measurements  were  done  at  a  constant  temperature  in  steady 
argon  atmosphere  with  continuous  stirring  through  out  tin*  e\- 
[leiimei  ts  The  Al»()-i  stirrer  has  an  effective  blade  area  of  3 

t  m ' 

l  ire  ;dl*  >v s  wt-re  made  from  metals  with  a  purity  of  99.989?  or 
higher.  M  lung  was  earned  out  in  an  induction  furnace  under 
arg.ui  atmosphere  r,.  produce  chillcast  cylinders  of  diameter 
7mm.  Aft*T  •  •olividual  he;«t  treatment  and  rapidly  cooling  to 
r.iniii  temperature  rim  homogeneity  of  the  alloys  were  confir¬ 


med  by  X-ray  analysis  using  the  Guiltier  technique  and  metal* 
lographic  examination. 


3.  Experimental  results 

The  experimental  results  for  the  thenmti  effects  of  dis¬ 
solution  A//7  of  nickel,  cohalt.  iron,  manganese,  chromium, 
copper,  gallium,  silicon  and  of  the  binary  and  ternary  alloys 
in  liquid  aluminium  are  given  in  Tables  1-9  as  a  function  of 
the  concentration  of  all  additional  elements.  A//7  includes 
the  eltange  in  heat  content  of  the  samples  from  room  tempera- 
tun'  to  tin  temperature  of  measurement.  The  thermal  effects 
at  infinite  dilution  AH1  "  were  obtained  by  extrapolation  to 
r  w  -  1.  A//7  "  is  obtained  as  mean  value  or  by  using  a  li- 

t:  nz  r.-ncent ration  dependence.  I  he  uneertaimty  is  given  by 
the  addition  of  the  standard  '  iror  of  calibration  and  dissolu¬ 
tion  of  the  metals  and  alloys.  The  partial  enthalpies  of  mixing 
at  infinite  dilution  A//,  of  liquid  components  in  liquid  alu¬ 
minium  (see  Table  II)  have  born  obtained  by  subtracting  the 
heat  content  from  room  temperature  to  1123  K  and  tin*  ent¬ 
halpy  <*f  melting  of  the  elements  from  A///  (Hultgren  rt  al. 
1973a).  The  enthalpy  of  melting  was  extrapolated  to  1123  K 
The  temperature  dependence  of  the  A//  -values  of  iron  and 
nickel  in  liquid  aluminium  indicates  the  existence  of  chemical 
short  range  order,  which  is  described  in  thermodynamic  mo¬ 
dels  as  the  formation  of  associates  with  a  definite  stoichiometry 
(Sommer  et  al.  1988).  The  heat  of  formation  A H*  of  the  in- 
termetallir  phases  at  room  temperature  are  calculated  directly 
from  flu*  measured  A/i  °- values: 


ah' 

'  X 


■  ,A +  t„AH‘h  "  4  r,  A  H!  " 


ah\ 


(i) 


The  values  obtained  are  given  in  Table  10  and  some  of  the 
concentration  dependences  are  presented  in  Fig.  1-5.  The  re¬ 
ference  state  of  the  A  Revalues  given  in  Table  Rt  and  of  the 
extrapolated  values  calculated  with  eqn.  (2)  and  (3)  is  the  ue- 
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chanical  mixture  of  the  pure  components  in  their  stable  erystal 
structure  at  room  temperature. 

Tli*'  enthalpy  of  formation  of  a  ternary  alloy  is  calculated  from 
their  separately  measured  A //^  "  values  ami  literature  value 
for  the  heat  content  of  aluminium  (Hultgrenet  ;d.  1973a)  (see 
eqrt.  (1)).  The  high  accuracy  of  the  enthalpy  of  formation  va¬ 
lues  given  in  Table  10  could  only  be  achieved  because  the  indi¬ 
vidual  AHh  “-values  have  been  obtained  in  most  cases  with  a 
standard  error  below  1‘  7 .  I  ne  standard  error  of  the  compounds 
given  in  Table  10  has  been  calculated  by  taking  square  root  of 
the  added  squares  of  the  four  standard  errors  of  the  A//* °- 
vaiues  of  the  compound  and  the  comjMuients.  I  he  squared 
errors  ot  the  A// h  n- values  of  the  components  have  been  ad¬ 
ded  according  to  their  mole  fractions. 


4.  Discussion 

Bet  ween  Ni-jAl  and  Nr»Si.  Ni.iAl  and  Xi;<Ga  exist  a  muti¬ 
nous  homogeneity  of  Llj-phase  at  1273  K  (Ochiai  ef  al.  1984). 
N i ; A 1  and  Ni  .Mn  also  show  cniitinous  solubility  below  7on  K 
i  U’aciitel  *-f  rd.  1988).  The  results  of  X-ray  analysis  of  our  heat 
treated  samples  also  show  these  continous  solid  solubilities  and 
only  Ni-iMn  samples  contain,  even  after  50  d  heat  treatment, 
a  small  volume  part  of  disordered  fee  solid  solution.  1  lie  so¬ 
lubility  limit  is  25  at  1  '  for  copper  at  1173  K  and  30  at.’  •  for 
cobalt  at  lu73  K  {Ochiai  et  al.  1984).  Tlie  investigated  alloys 
with  chromium  and  iron  also  show  Ll  ^.-structure, 
i  he  site  preference  for  ternary  components  in  the  unit  cell  of 
N  i  a  Al  with  LD  can  be  estimated  from  the  direction  of  the  so¬ 
lubility  lobe  in  a  ternary  region  (Ochiai  et  til.  1984).  A  ternary 
addition  X  whu  li  oempies  mostly  cube  corner  sites  has  a  lobe 
in  the  direction  Xi  jAl-Ni  iX.  an  addition  which  occupies  mostly 
fa<*e  centered  sites  has  a  lobe  in  the  direction  Ni-iAl-X,Al  and 
an  addition  which  substitutes  both  sites  has  maximum  solubi¬ 
lity  extension  in  a  direction  in  between.  A  simple  explanation 
of  this  behaviour  can  be  obtained  from  the  atomic  radii  of  Ni 
(1.25  A)  and  Al  (1.43  A)  in  relation  to  the  atomic  radius  ra¬ 
dius  of  flic  ternary  addition,  because  an  ordered  .structure  can 
be  easily  destabilized  by  an  unfitting  atomic  radius.  \  alues 
of  atomic  radius  used  for  the  elements  (Pearson  1970)  are  ob¬ 
tained  considering  a  coordination  number  of  12.  If  the  atomic 
radius  of  the  t<  rnary  component  is  approximately  equal  to  that 
of  mck'  i  or  aluminium  then  if  ran  easily  substitute  of  these 
elements  Therefore  copper  (1.28  A)  and  cobalt  (1.25  A)  sub¬ 
stitute  nickel  From  experimentally  determined  atomic  volume 
of  \1  in  Xi  solid  solution,  as  a  function  of  concentration  and 
atomic  volume  of  Xi.iAL  one  obtains  a  partial  atomic  volume 
of  At  m  XiiAl.  The  effective  radius  for  coordination  number 
12.  determined  by  this  partial  volume,  amounts  to  1.31  A.  The 
effective  atomic  radius  of  Al  in  Xi^Al  is  therefore  1  31  A  fKo- 


latschek  1988)  and  not  1.43  A  as  for  the  pure  element  1  he 
charge  transfer  and  the  covalent  bond  between  the  atoms  i n 
X  i  ;j  A 1 ,  as  shown  by  recent  electron  theory  calculations  (Mo 
rinaga  et  ai.  1984).  cause  the  change  of  atomic  radius  in  this 
compound.  From  similar  investigations  the  effective  radius  ,  ,f 
gallium  in  XiiGa  results  js  1.33  A  (KoJatsehek  1999/  and  that 
of  Mn  in  NiiMn  is  1.34  A  (Pearson  1958).  Gallium  and  man¬ 
ganese  can  therefore  substitute  aluminium  easily.  Considering 
the  effective  radius  of  Si.  1.22  A  (Lllner  1981).  silicon  should 
substitute  nickel,  but  silicon  substitutes  aluminium  (see  Fig 
3)  because  the  electronic  configuration  of  silicon  is  much  more 
similar  to  aluminium  compared  to  nickel  The  effective  radii  of 
iron  (1.29  A)  (Pearson  1958)  and  chromium  (1.29  A)  l  layh  i 
and  Floyd  1952)  allow  in  accordance  with  the  experimental  p- 
suits  a  substitution  of  all  sites  in  Ni,Al.  hnoniotw  et  al.  198!' 
and  Wu  et  al.  1989  have  obtained  with  the  cluster  variation 
method  more  detailed  informations  about  the  site  preference 
of  ternary  addition  in  an  A  J3  compound  wit h  t he  1. 1  mi u<  t  up 
depending  on  tin'  relative  magnitude  of  the  pair  interactions 
Tin*  concentration  dependence  of  the  heat  of  formation  al-uig 
the  quasibinary  cut  XiiAl-Xi-jX  should  be  determined  inaimy 
by  th<*  A //^-values  of  XijAl  and  XitX  Tin-  results  f*  <r  X 
Ga,  Mn  and  Si  support  this  (see  Fig  1-3).  A  simple  stati¬ 
stical  treatment  which  describes  tie*  concentration  dependence 
of  A//^  and  accounts  for  the  site  preference  <*f  X  in  an  orde¬ 
red  Llj  alloy  can  be  obtained  from  the  Bragg- Williams  model 
Taking  only  nearest  ne  ighbour  and  concentration  independent 
interactions  into  account  for  the  special  case  where  the  tenuity 
additions  occupy  only  cube  corner  mp-s  the  following  equation 
results  (Ochiai  et  al  1984). 


r  i  i 

[(-> 

A  v  j  l  v,  i/  ’■ 

•VO\.v 

with  V: 


\  ■ 


A  H 


\  M 

3 


A// 


V.j  \ 

3 


According  to  eqn.  (2)  A exhibits  a  linear  concentration 
dependence.  The  experiment  idly  obtained  results  f<  >r  XiiAl 
Xi.,Mn  also  show  a  linear  concentration  dependence  with  tin- 
exception  of  NinMn  because  it  was  only  paitially  ordered.  1  he 
extrapolated  value  for  a  completely  ordered  Ni  iMn  amounts  to 
-12  ±  1.5  k.J  mol  1  ( see  Fig.  2).  The  A//^- values  for  Ni<Al- 
Ni;iSi  follow  linear  concentration  dependence  only  with  a  big 
scatter  which  results  in  a  value  -  49  ±  2  k.l  mol  1  for  NiiSi 
with  Llj-structure  (set-  Fig.  3).  This  value  is  m  agreement 
with  results  obtained  from  phase  diagram  calculations  (Nash 
1987)  and  is  in  disagreement  with  the  value  of  36  k.l  tnol  1 
obtained  by  reaction  calorimetry  (Oelsen  et  ai  1936).  These 
experimental  results  show  that  A //^  along  NiiAl-XiiX  can  In* 
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described  with  eqn.  (2)  if  the  A H1  of  binary  bordering  phases 
are  known. 

If  the  ternary  additions  occupy  only  face  centered  sites  then 
considering  only  nearest  neighbour  and  concentration  indepen¬ 
dent  interactions  the  following  relation  is  obtained  (Ochiai  et 
al.  198-1). 


The  experimental  results  fur  Ni  jAl-X  jAl  can  be  described  quan¬ 
titatively  with  eqn.  (3)  using  experimental  data  of  the  base  bi¬ 
nary  systems  (see  Fig.  4).  The  interaction  parameter 
(V\„4t  =  —13.5,  V..uco  =  -9.5o.  \'n, co  =  01  kJ  mol-1)  are 
obtained  from  A "  (Henig  et  al.  1980)  and 
(Hultgren  et  al  1973b).  The  heat  of  formati¬ 
ons  obtained  for  N’i-Al-Cu  alloys  can  be  used  to  calculate  with 
eqn.  (3)  the  enthalpy  of  formation  of  a  hypothetical  CujAl 
compound  with  Ll2  structure.  The  A//7- value  obtained  with 
Y.wu  —  -O.GkJ  mol-1  (Hultgren  et  al.  1973b)  amounts  to  -37 
kd  mol'1.  The  Ni-Al-Cr  alloys  investigated  have  concentrati¬ 
ons  near  the  quasibinary  cut  Ni^Al-CrjAl.  The  experimental 
A values  correspond  well  to  the  values  obtained  from  eqn. 
(3)  using  aict  =  -3.  V.v.o  =  0.3  kJ  mol-1  (Hultgren  et  al. 
1973b). 

The  A values  within  a  ternary  phase  with  Ll2  structure 
can  therefore  be  calculated  with  a  simple  Bragg- Williams  mo¬ 
del  taking  into  account  only  nearest  neighbour  interactions 
using  interaction  parameters  which  are  fixed  from  A H '  - val lies 
of  the  binary  base  systems.  The  experimental  A/f^-values 
can  also  be  used  to  determine  the  parameters  of  the  pair  in¬ 
teractions  within  the  cluster  variation  method  and  to  calculate 
the  site  preference  of  ternary  additions. 
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N'75AI25  *Ga  - *  N,75Go25 


Fig.  1.  Enthalpy  of  formation  of  Xi-Al-Ga  alloys  at  room  tem¬ 
perature  (  -  -  -  calculated  from  eqn.  (2)). 


Fig.  2.  Enthalpy  of  formation  of  Xi-Al-Mn  alloys  at  room  fern-  Fig-  3.  Enthalpy  of  formation  of  Xi-Al-Si  alloys  at  room  tern 
p<  ratine  (  -  -  -  calculated  from  eqn.  (2)).  perature  (  -  -  -  calculated  from  eqn.  (2)). 


Fig.  4.  Enthalpy  of  formation  of  Ni-Al-Co  alloys  at  room  tem¬ 
perature  {  -  -  ■  calculated  from  eqn.  (3)). 


Fig.  5.  Enthalpy  of  formation  of  Ni-Al-Cu  alloys  at  room  tem 
perature  (  *  -  -  calculated  from  eqn.  (3)). 


Table  1.  Experimental  values  of  the  enthalpy  of  dissolution  of  cobalt,  copper,  gallium,  nickel,  manganese,  silicon,  iron  and  chro 
mium  from  room  temperature  in  liquid  aluminium  at  1123  K  (/,  at.% ,  A H  kJmol -1). 


16  -109.6 

26  -109.9 

29  -111.4 

46  -109.7 

51  -110.4 

52  -110.4 


96  |  -108.6 
106.6 
103.6 
103.2 
103.9 
107.0 


.24  -40.9 

.47  -41.1 

.69  -37.8 

.90  -39.1 

.13  -40.8 

.32  -39.7 

1.60  -  39.6 

1.90  -41.1 


= 

-40.0  ±0.6 


0.22  53.3 

0.42  53.4 


0.45  -76.9  ||  0.19  |  -29.2 


0.75  -  79.5 

’..04  -83.0 

1.31  -78.7 

1.62  -79.0 

1.92  -84.0 


A  Hi*  = 

55.6  ±1.2 


*  Hy:U  = 


AH™  = 


-79.4  ±1.6  -27.5  ±1.3 


Nir5  and  Ni-sGa-is  from  room  temperature  in  liquid 


■T/Vi.Co  |  A Hfc 


-40.1  ±0.5 
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Table  3.  Experimental  values  of  the  enthalpy  of  dissolution  of  Co^Nij!  Al2s,  Co7NiegAl25,  ConNig^Al^  and  CouNigoAljs  from  room 
temperature  in  liquid  aluminium  at  1123  K  (x,  at.%,  AH  kJmol~l). 


*Co,N  t 

AWro,,v,71Ai3, 

XCo.N, 

^^Co,N>t,AIK 

ZC0.N1 

XCo.N, 

„AI» 

0.23 

-32.1 

0.26 

-31.9 

KOI 

-33.0 

-32.4 

0.40 

-34.6 

0.69 

-33.4 

HI 

-33.7 

HEfESi 

-39.3 

0.60 

-32.2 

1.20 

-32.4 

in 

-35.3 

1.01 

-38.4 

0.85 

-33.6 

1.36 

-33.5 

0.77 

-37.8 

1.36 

-37.8 

1.09 

-34.3 

1.71 

-33.4 

0.96 

-32.4 

1.72 

-37.3 

1.27 

-34.1 

2.05 

-34.1 

1.14 

-31.8 

2.08 

-41.4 

1.55 

-33.4 

2.41 

-35.2 

1.31 

-33.6 

2.43 

-38.2 

1.77 

-35.0 

2.78 

1.66 

-39.3 

2.88 

-37.4 

3.16 

1.79 

-32.0 

\  tiESi  _ 

iAnCo,N,nAI7i  - 

-33.7  ±0.7 

A  _ 

Cot  Nib%Al2b 

-33.5  ±0.5 

A  H^,0  _ 

LlnCouN„<AI,i  ~ 

-34.3  ±1.3 

A  — 

-37.8  ±1.7 

Table  4.  Experimental  values  of  the  enthalpy  of  dissolution  of  N^sAl^Sis,  N^sAlisSiio  and  N^sAl^Si^  from  room  temperature 
in  liquid  aluminium  at  1123  K  (x,  at.%,  AH  kJmol _1). 


XM.Si 

A^.7S/UMS.S 

XNi.Si 

AllbStio 

*Ni,Si 

mm 

-26.0 

-25.7 

Iff?* 

HI 

-24.7 

0.63 

-26.0 

0.75 

HI 

-26.1 

0.98 

-27.0 

1.04 

-29.9 

HI 

-25.8 

1.34 

-26.9 

1.32 

-28.2 

1.79 

-27.6 

1.71 

-26.3 

1.58 

-30.1 

2.16 

-26.1 

2.11 

-26.3 

1.88 

-32.0 

2.50 

-26.9 

2.52 

-26.3 

2.18 

-31.9 

2.82 

-26.1 

2.88 

-25.6 

2.47 

-31.3 

2.65 

-29.4 

2.97 

-29.6 

A  W^*0  — 

L^nNi1sAl20Sib  ~ 

-30.0  ±0.6 

A  — 

>Wi,5*io 

-26.2  ±0.4 

A  WE'°  - 

NijsAlioSiis 

-26.3  ±0.4 

Table  5.  Experimental  values  of  the  enthalpy  of  dissolution  of  Nis9Cu«AI25,  Ni66Cu9Al25  and  Nie3Cui2Al25  from  room  temperature 
in  liquid  aluminium  at  1123  K  (x,  at.%,  AH  kJmol~l). 


XNi.Cu 

^NwCutAlu 

XNi.Cu 

XNi.Cu 

mm 

-28.1 

0.30 

-23.7 

0.29 

-17.6 

mm 

-27.1 

0.62 

-23.5 

0.59 

-20.8 

-26.0 

0.98 

-22.4 

0.89 

-19.3 

■E9 

-25.4 

1.36 

-22.8 

1.24 

-20.5 

1.35 

-25.2 

1.73 

-23.4 

1.39 

-20.5 

1.68 

-27.0 

2.11 

-23.8 

1.96 

-19.8 

-26.2 

2.49 

-24.9 

2.33 

-19.8 

2.66 

-26.6 

2.88 

-24.6 

2.70 

-19.7 

-27.0 

3.27 

-25.0 

3.08 

-20.7 

3.47 

-22.2 

A  — 

lAnN„tCu,Aht, 

26.5  ±0.4 

A  — 

aniV. MCu9At7b  ~ 

-23.8  ±0.4 

a  i/£,o  __ 

-20.1  ±0.5 
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Table  6.  Experimental  values  of  the  enthalpy  of  dissolution  of  MnsNirsAho,  MnioN^sAlis,  MnisNt7sAlio  and  Mn^oNrisAlj  from 
room  temperature  in  liquid  aluminium  at  1123  K  (x,  at.%,  AH  kJmol _1). 


X  Mn.N, 

^^AfnsN.75a/2o 

XMn.N i 

MnxoNinAixi 

XM  n.N, 

xMn,N, 

AH MnioPiiiAli 

0.32 

-41.2 

0.38 

-50.8 

0.33 

-57.8 

0.34 

-66.1 

0.65 

-41.0 

0.75 

-50.8 

0.70 

-60.4 

0.70 

-68.1 

0.98 

-41.7 

1.14 

-51.3 

1.09 

-61.7 

1.06 

-68.7 

1.48 

-41.5 

1.53 

-50.1 

1.49 

-62.4 

1.46 

-70.0 

1.81 

-41.0 

1.94 

-52.0 

1.88 

-60.2 

1.85 

-70.0 

2.14 

-40.7 

2.35 

-51.5 

2.27 

-58.9 

2.28 

-72.2 

2.52 

-42.0 

2.76 

-51.8 

2.67 

-62.4 

2.78 

-67.8 

2.91 

-42.3 

3.17 

-53.0 

3.07 

-61.7 

3.59 

-53.5 

3.50 

-61.0 

4.02 

-53.1 

4.00 

-58.9 

A  _ 

L^n\fniNt7iAho 
-41.4  ±0.5 

a  r rE,0  _ 

L^nMnl0Nt7iAlli  - 

-51.8  ±0.6 

A  _ 

LXnMnliNi7bAll0  *“ 
-60.5  ±1.0 

a  r/£»°  _ 

^nMn70N»7sAli  ~~ 

-69.0  ±1.0 

Table  7.  Experimental  values  of  the  enthalpy  of  dissolution  of  N'^sAl^oGa-, .  NirsAlisGaio,  NirsAlioGau  and  NirsAljGajo  from 
room  ‘emperature  in  liquid  aluminium  at  1123  K  (x,  at.% ,  AH  kJmol~x). 


X,Vi  ,Ca 

A  /Ujo  Gaj 

IN,  ,Oa 

AH  NijzAluGaio 

XNi.Ga 

&HN,7iAh0Go„ 

lN,.Ga 

^^NinAltGa,0 

0.26 

-34.8 

■ 

0.24 

-38.8 

0.31 

-39.2 

0.49 

-33.4 

EH 

0.51 

-36.0 

0.63 

-37.8 

0.70 

-34.1 

0.76 

-37.7 

0.78 

-35.4 

0.96 

-38.0 

0.91 

-33.9 

1.06 

-34.8 

1.06 

-36.8 

1.38 

-36.4 

1.21 

-33.3 

1.36 

-34.9 

1.38 

-37.4 

1.67 

-38.0 

1.51 

-35.3 

1.69 

-33.5 

1.72 

-36.8 

2.03 

-37.1 

1.82 

-33.6 

2.03 

-37.8 

2.39 

-38.1 

2.12 

-32.8 

2.38 

-37.0 

2.76 

-38.1 

2.44 

-34.8 

2.72 

-37.3 

3.15 

-37.5 

2.83 

-33.3 

3.13 

-38.3 

3.41 

-38.0 

A  I/E’°  _ 

L^nNtlttAlwGat,  ~ 

-33.9  ±0.4 

A  EJ^.O  _ 

nnN,„AhiOaic  ~ 

-35.5  ±0.8 

A  ffE,Q  _ 

LXtlN,liAhoGail  ~ 

-37.2  ±0.5 

A  tfE’°  — 

L^nNi,lAhGam  - 

-37.8  ±0.4 

Table  8.  Experimental  values  of  the  enthalpy  of  dissolution  of  N^AlzsFej,  NirjA^Fes,  Niri A^Fe?  and  NirjAligFejo  from  room 
temperature  in  liquid  aluminium  at  1123  K  (x,  at.%,  AH  kJmol~l). 


Jyv.  ,Ft 

&Hn,uai„F', 

I  N,,Fc 

^^N,„AlnFtt 

in,, Ft 

&HN.7,AI„Ft1 

in, .Ft 

&HNi77AI„Ftx0 

0.31 

-35.3 

isa 

-38.1 

0.2 

-36.9 

■29 

-42.9 

0.65 

-37.1 

EH 

-39.2 

0.41 

-37.2 

■H 

-43.7 

1.1 

-37.5 

1.0 

-38.3 

0.82 

-35.4 

1.6 

-44.6 

1.9 

-37.3 

1.6 

-38.6 

1.61 

-37.5 

1.7 

-42.2 

2.2 

-37.3 

1.95 

-40.2 

1.82 

-37.9 

2.1 

-38.0 

A  _ 

anN„tAl7,Ft,  ~ 

-37.0  ±2.3 

A  tJE'°  _ 

U nN,J3AI„F'S  ~ 

-38.9  ±1.5 

A  lfE‘°  — 

^nN.,xAI„Ft,  ~ 

-37.4  ±0.6 

A  WE,Q  — 

CknN,7,Alt,Ft, c  - 

-43.3  ±0.6 

Table  9.  Experimental  values  of  the  enthalpy  of  dissolution  of  N^A^Cis,  Ni7oAl22Cre  and  Ni67Al2iCri2  from  room  temperature 
in  liquid  aluminium  at  1123  K  (f,  at.% ,  AH  kJmol'1). 


ZNt.Cr 

A^N,77Al7,Cr> 

XN,,Cr 

A^Nt70AlnCr, 

Z|V.,Cr 

A^N,t7AI7lCrl7 

0.3 

-36.8 

0.29 

-35.1 

0.27 

-34.1 

0.7 

-34.8 

0.96 

-36.7 

0.51 

-34.8 

0.98 

-37.3 

1.24 

-36.9 

0.85 

-34.9 

1.28 

-36.3 

1.58 

-37.7 

1.09 

-33.6 

1.66 

-35.2 

1.36 

-36.7 

1.96 

-36.9 

1.67 

-35.7 

A 

■^I2N,17AI7,Cri  - 

-36.1  ±0.9 

\  _ 

N «7o  j4/22^r* 

-36.6  ±0.7 

A  0  _ 

-35.0  ±0.4 

Table  10.  The  enthalpy  of  formation  of  intermetallir  phases  at  room  temperature  (A H* ,  kJmol  '). 


N1T5AI25 

-40.6±1.0 

N^sAl^oSis 

-42.5±1.1 

Mn5Ni75Al2o 

—  35.9±1.1 

Ni74Al23Fe3 

— 39  i±i  9 

.\i75A125 

-37.6 

[1] 

NiysAlisSilo 

-45.3±1.0 

MnioNi75Ali5 

— 29.3±1.1 

Ni73Al22Fe5 

-38.0+1.7 

NrisAl^s 

-40.2 

[2] 

NiTsAlioSils 

-44.2±1.1 

Mni5Ni75Alio 

— 24.3±1.4 

N  i  71  Al22Fc7 

-38.8±1.4 

Ni7sAl25 

-37.6±5 

[31 

Nig9Cu6  AI25 

-40.9±1.0 

Mn2oNir5Al5 

-19.5±1.4 

Ni72Ali8FeJU 

-37.8±1.4 

Mn7sNi25 

-7.5±1.3 

1  N166CU9A125 

— 40.3±0.9 

Ni7sAl2oGa5 

— 40.4±1.2 

Co4Ni7i  AI25 

-40.4±1.1 

Nig3Cui2Al25 

-40.7±0.9 

NiTsAlisGaiO 

— 38.9±1.3 

CoTNiggA^s 

-40.4±1.0 

Ni7sGa2s 

-34.8±1.0 

Ni75AlioGaj5 

-37.4±1.2 

ConNi^A^s 

-39.5±1.6 

Ni7sGa25 

-26.6±0.7 

[4] 

N^A^Crs 

-36.7±1.4 

Ni75Al5Ga2o 

— 36.9±1.2 

CoisNieoAlas 

-36.0±1.9 

N’i7sGa25 

-27.4 

[5] 

Ni7oAl22Cr8 

-35.2±1.4 

Ni67Al2iCri2 

-34.9±1.3 

1.  (Kubaschewski  1958).  2.  (Oelsen  1937),  3.  (Hultgren  et  al.  1973b),  4.  (Maitosudirjo  et  al.  1976),  5.  (Predel  et  id.  1975).  i 


Table  11.  The  partial  enthalpies  of  mixing  at  infinite  dilution  of  cobalt,  manganese,  gallium,  chromium,  iron,  nickel,  copper  and 
silicon  in  liquid  aluminium  at  different  temperatures  (A//°  kJmol''). 


AK„ 

AKn 

A77°Go 

A  H°Cr 

-140.6  ±1.5  (1100  K)  [1] 
-150.8  ±1.8  (1123  K)  [2] 

-83.8  ±0.6  (1123  K)  [2] 
-64.6  (1626  K)  [3] 

-3.5  (1023  K)  [4] 

-4.0  ±0.6  (1123  K)  [2] 

-71.8  ±1.3  (1123  K)  [2] 

Atf°f> 

A  K. 

A^t, 

A  H°s, 

-128.5  (971  K)  [5] 

-119  (1023  K)  [6j 

-120.3  ±1.6  (1123  K1  (2) 
-110.8  ±3.0  (1212  K)  [7] 
-95.2  (1873  K)  [8] 

f  -151.1  (1023  K)  [6] 

-149.4  ±1.3  (1123  K)  [2j 
-149.1  ±1.9  (1158  K)  [7] 

-136.4  (1923  K)  [9] 

-34.2  (1023  K)  [6] 

-34.2  ±0.1  (1123  K)  [2) 

-33.9  ±0.3  (1191  K)  [7] 

-38  ±3  (1473  K)  [10] 

-11.5  (962  K)  [5] 

-16.6  ±1.2  (1123  K)  [2] 
-8.7  (1760  K)  [11] 

1.  (Henig  et  al.  1980),  2.  (this  work),  3.  (Esin  et  al.  1973),  4.  (Hultgren  et  al.  1973b),  5.  (Mathieu  et  al.  1967),  6.  (Dannohl  1971).  7. 
(Lee  et  al.  1985),  8.  (Petrushevskiy  e*  al.  1972)  9.  (Sandakov  et  al.  1971a),  10.  (Sandakov  et  a).  1971b),  11.  (Batalin  et  al.  1981). 
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Abstract,.  - 

Application  of  the  Knudsen  effusion  technique  to  the 
determination  of  vaporization  thermodynamics  using  simultaneous 
mass-loss  and  mass  spectrometric  methods  of  vapor  pressure 
determination  is  described.  The  results  obtained  for  the 
aluminides  of  the  early  transition  metals  (Zr,  Nb,  Mo  and  Ta) 
are  reviewed. 


L  -  Knudsen  effusion 

The  Knudsen  effusion  method  is  used  to 
determine  partial  vapor  pressures  by  the 
measurement  of  rates  at  which  vapor  species  pass 
through  an  orifice  in  an  isothermal  enclosure 
containing  a  vaporizing  condensed  sample.  A  number 
of  conditions  must  be  met  if  such  measurements  are 
to  accurately  yield  partial  pressures,  the  most 
important  of  which  are:  1)  the  sample  and 
container  must  not  interact  significantly  with  the 
environment  or  with  each  other,  2)  the  transport 
rate  must  be  accurately  known  as  a  function  of 
pressure,  temperature  and  molecular  mass  (here,  as 
is  generally  true  for  Knudsen  effusion,  this  means 
pressures  sufficiently  low  that  the  equations  of 
kinetic  theory  are  valid),  3)  the  rate  of  vapor 
flow  through  the  orifice  must  be  sufficiently  low 
relative  to  the  rate  of  collision  of  vapor  with  the 
condensed  phase  that  the  solid  and  its  surface  are 
essentially  equilibrated  with  the  vapor,  4)  the 
quantity  of  material  that  creeps  or  diffuses 
through  the  orifice  must  be  negligible  and  5)  the 
crucible  Interior  must  have  an  essentially  uniform 
temperature.  When  these  conditions  are  met,  and 
when  the  orifice  channel  results  in  negligible  back 
reflection  of  the  vapor  (when  the  Clausing  factor 
is  unity),  the  number  of  molecules  of  the  i'th 
species  leaving  the  crucible  in  unit  time  is 

dn,  P.a 

£  m  _ 9  1  - 

1  dt  72jrmikT 

where  Pt  is  the  equilibrium  partial  pressure  of  the 
i'th  species,  a  is  the  orifice  area,  M,  is  the 
molecular  mass,  k  is  Boltzmann's  constant,  and  T  is 
the  temperature  of  the  crucible  Interior. 

2.  -  Mass  spectrometry 

Our  experimental  technique  is  to  use  a  mass 
spectrometer  to  examine  the  vapor  arising  from  a 


Knudsen  crucible  that  is  suspended  from  one  arm  of 
a  microbalance  (Fig.  1).  Since  we  use  a  computer 
to  assist  in  the  collection  of  data  we  call  the 
technique  the  Computer  Assisted  Simultaneous  Mass- 
Loss  and  Mass-Spectrometric  technique,  or  CASMLMS 
for  short.  This  technique  has  strengths  and 
weaknesses  that  will  be  discussed  below  with 
respect  to  conditions  1-5. 

The  mass  spectrometer  provides  for  the 
identification  of  the  vapor  species  by  ionization 
by  electron  impact  followed  by  mass  analysis  by 
quadrapole  mass  spectrometry  and  detection  of  the 
ion  current.  If,  using  a  multiplier.  The  effusing 
molecules  pass  through  the  ionizing  region  of  the 
mass  spectrometer  at  an  average  speed,  S(, 
determined  by  the  crucible  temperature,  T 

c  73  kT 

m* 

and  the  number  passing  through  the  region  per  unit 
time  is  proportional  to  the  effusion  rate,  R,  (is 
equal  to  R,  times  a  geometric  factor  equal  to  the 
fraction  of  all  effusing  molecules  that  arrive  in 
the  ionizing  region).  Thus,  since  the  ion  current 
is  proportional  to  R,  and  inversely  proportional  to 
St,  the  ion  current  is  given  by 

If  -  atP,/T 

where  a,  depends  upon  species  dependent  quantities 
such  as  the  ionization  cross  section,  the  mass 
analyzer  transmission,  the  multiplier  efficiency 
and  the  Isotopic  abundances,  as  well  as  the 
electron  beam  current  and  the  geometric  factors 
mentioned  above. 

The.  CASMLMS  technique  thus  provides  the 
capability  of  two  simultaneous  measurements  related 
to  the  partial  pressures  and,  when  there  Is  a 
single  vapor  species,  as  In  the  studies  discussed 
here,  to  the  total  pressure.  The  mass-loss 
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measurement  allows  a  calculation  of  the  total 
pressure  in  the  case  of  a  single  species,  but 
requires  measurement  times  between  tens  and 
hundreds  of  minutes.  The  mass-spectrometric 
measurement  provides  a  quantity  (I*T)  proportional 
to  pressure  oui  with  a  measurement  time  on  the 
order  of  seconds,  or  less.  Thus,  one  advantage  of 
the  CASMLMS  technique  is  that  simultaneous 
measurement  of  mass  loss  and  ion  current  over  1/2 
to  10  hr  Intervals  provides  calibration  of  the  mass 
spectrometer  which  can  in  turn  be  used  to  make  many 
pressure  determinations  over  much  shorter  time 
periods  through  the  measurement  of  I*T  alone.  The 
sensitivity  of  the  mass  spectrometer  also  permits 
the  determination  of  the  variation  of  ion  current 
over  relatively  short  time  intervals,  an  important 
capability  for  considering  condition  3,  as  will  be 
discussed  below. 

Another  benefit  of  simultaneous  measurement 
is  that  the  proportionality  between  I*T  and  T^Am/At 
can  be  checked  at  various  times  during  data 
collection,  and  changes  in  instrument  sensitivity 
or  in  vaporization  processes  that  might  otherwise 
go  undetected  can  be  noted  and  the  resulting  errors 
can  be  avoided. 

3.  -  Experimental  methods 

Li  -  Sample-container  Interactions 

Sample-container  interactions  may  result  in 
the  chemical  alteration  of  the  condensed  sample  and 
of  the  vapor.  An  example  of  an  interaction  of  the 
first  kind  is  solid-solution  formation.  For 
example,  a  transition-metal  aluminide,  TA1K,  in  a 
crucible  could  interact  to  yield  transition-metal 
in  solid  solution  In  the  crucible  material.  In 
such  a  case  the  stoichiometry,  and  therefore  the 
thermodynamics,  of  the  vaporization  process  would 
be  uncertain.  Since  high-temperature  data 
concerning  solid-solution  formation  from  aluminides 
are  generally  not  available  prior  to  a  vaporization 
study,  an  important  initial  step  In  such  a  study  is 
the  investigation  of  such  processes  and  the  selec¬ 
tion  of  an  appropriate  crucible  material.  In  the 
work  discussed  here  it  was  determined  by  the  fact 
of  no  observable  mass  gain  of  the  crucible  that 
there  is  no  detectable  solid  solution  formed  when 
the  aluminides  of  Zr,Nb,Mo  and  Ta  vaporize  from  a 
tungsten  Knudsen  crucible. 

3.2.  Sample-vapor  interactions 

Interaction  with  the  gas  phase,  given  the 
highly  reactive  nature  of  the  early  transition 
metals  towards  oxygen,  requires  the  careful 
consideration  of  the  oxygen  partial  pressure  in  the 
interior  of  the  crucible.  The  rates  at  which  vapor 
species  enter  and  leave  the  Knudsen  crucible  are 
given  by  the  Knudsen  equation  (given  above).  The 


rate  at  which  oxygen  enters  the  crucible  is  the 
rate  at  which  H20(g)  enters  the  cell  (the  residual 
gas  at  10~7  torr,  our  working  vacuum,  is  principally 
H20(g)).  The  rate  at  which  oxygen  leaves  the  cell 
Is  at  least  equal  to  the  rate  at  which  Al20(g) 
lcc/cs  the  crucioie.  The  total  oxygen  within  the 
cell  will  thus  be  less  than  the  amount  given  by 


writer  „  depart 

Rh20  ■  R*120 

Rh20  Pai2o 

/18Tre$  /70  T  ’ 


Assuming  chemical  equilibrium  within  the  crucible, 


K(T) 


Pai2q 

PJ?  Pai 


where  K(T)  can  be  found,  for  example,  in  the  JANAF 
tables  (Chase,  et  al .  1985).  Combining 


1  /70T 

i  v 

PA1  K(T)  /  18Tr« 


For  a  typical  set  of  conditions,  T  -  1700  K,  Tres 
■  1700  K  (because  of  radiation  shields),  K(T)  »  2 
x  1015;  PA1  -  10->  atm  and  P[£J  »  10i°  atm,  the 
steady-state  value  of  P0z  is  calculated  to  be 
less  than  about  10'22  atm. 

Thus,  the  stability  of  Al20(g)  under  the 
conditions  of  a  typical  aluminide  vaporization 
assures  a  condition  within  the  cell  that  is  far 
more  reducing  than  the  residual  atmosphere  that 
can  be  achieved  by  pumping,  and  is  therefore 
sufficiently  reducing  to  make  oxidation  of  the 
condensed  sample  a  negligible  effect.  The 
Al20(g)  pressure  calculated  for  the  conditions 
given  above  is  2  x  10'10  atm,  a  value  which  is 
several  orders  of  magnitude  below  Pa,  and  thus 
does  not  Interfere  with  measurement  of  PA1  by 
mass-loss. 

3.3.  -  Rate  considerations 

The  condition  for  molecular  flow  is 
readily  considered.  As  a  simple  rule,  the 
boundary  for  the  onset  of  the  molecular  flow 
regime  is  taken  to  be  given  by  a  mean-free  path 
that  is  substantially  larger  (say  lOx)  than  the 
orifice  diameter  and  data  collection  is 
restricted  to  this  regime.  The  third  condition, 
i.e.,  the  establishment  of  solid-vapor  equi¬ 
librium,  is  frequently  tested  by  examining  the 


41 


effect  of  orifice  area  upon  vaporization  rate. 
If  the  ratio  of  vaporization  rate  to  orifice  area 
is  independent  of  orifice  area  it  can  be  assumed 
with  confidence  that  the  sampled  vapor  is 
essentially  at  equilibrium  with  the  condensed 
phase.  However,  if  the  vaporization  reaction  is 
incongruent,  and  therefore  involves  changing 
chemical  composition  of  condensed  material,  then 
R/a  generally  does  depend  significantly  upon  a. 
In  this  case,  if  the  deviation  from  equilibrium 
is  not  too  large,  then  R/a  can  be  pldtted  vs.  a 
and  extrapolated  to  a  «  0.  However,  in  practice 
such  measurements  are  time  consuming  and  the 
availability  of  orifice  areas  is  limited,  and 
therefore  some  uncertainty  is  attached  to 
thermodynamic  data  obtained  in  this  way. 

On  the  other  hand,  the  data  obtained  from 
such  studies,  and  information  about  the  chemical 
behavior  of  systems  at  temperature,  are 
frequently  of  sufficient  value  that  the  studies 
are  carried  out  in  spite  of  this  limitation.  The 
investigations  of  transition-metal  alumlnides  (T 
■  Zr,  Nb,  Mo,  Ta)  to  be  discussed  below  fall  into 
this  category.  In  these  studies  the  following 
technique  was  devised  to  check  for  a  significant 
kinetic  barrier.  After  a  measurement  of  pressure 
at  a  given  temperature  the  sample  temperature  was 
dropped  to  a  temperature  below  which  measurable 
vaporization  occurred  (Pcalc  <  10'10  atm)  but  above 
which  solid-state  diffusion  1$  believed  to  be 
fairly  rapid  (T  >  0.5  Tmlt),  and  the  sample  was 
annealed  for  ten  hours  or  more.  The  sample  was 
then  rapidly  (<  1  minute)  heated  back  to  the 
original  temperature  and  the  ion  current  was 
rapidly  measured.  If  the  ion-current  returned  to 
within  ±10%  of  the  previously  measured  value  the 
measurement  was  accepted.  If  the  ion-current 
returned  to  a  higher  value  and  then  decayed  with 
time  at  constant  temperature  it  was  inferred  that 
diffusion  limited  vaporization  was  occurring  and 
the  measurement  was  rejected.  Since  the  enthalpy 
of  vaporization  is  greater  (roughly  about  two 
times)  than  the  energy  of  activation  for 
diffusion,  it  is  expected  that  the  rate  of 
vaporization  will  increase  with  temperature  more 
rapidly  than  the  rate  of  diffusion.  Thus,  in  the 
work  summarized  here,  it  was  anticipated,  and 
indeed  observed,  that  there  would  be,  for  a  given 
system  and  a  given  orifice,  a  temperature  above 
which  measurements  of  thermodynamic  partial 
pressures  were  not  possible  by  virtue  of 
diffusion  limited  rates,  and  only  data  collected 
at  temperatures  below  the  diffusion  limited  cut¬ 
off  were  accepted. 

3.4.  -  Surface  diffusion  and  creep 


orifice  area.  Thus,  as  the  vapor  species  is 
shut-off  from  the  ionizing  region  there  results 
an  s-type  curve  (Fig.  2)  of  I*  vs  shutter 
position,  and  the  width  of  'half  maximum*  of  the 
s-curve  is  a  measure  of  the  orifice  projected 
along  the  lines  of  flight  of  the  molecules.  The 
occurrence  of  creep  or  diffusion  along  the 
surface  of  the  orifice  channel  and  out  onto  the 
crucible  surface  results  in  a  diffuse  enlargement 
of  the  effective  orifice  area  and  can  be  detected 
by  determination  of  a  shutter  profile. 

3.5.  -  Temperature  measurement  and  uniformity 

The  fifth  condition,  of  isothermal 
conditions  within  the  crucible  is  extremely 
critical.  A  necessary  but  insufficient  condition 
for  an  isothermal  crucible  is  that  vaporizing 
sample  not  be  transported  to  regions  of  the 
crucible  other  than  the  region  of  the  source 
sample.  One  of  the  experimental  factors  of 
importance  in  vaporization  studies  is  that  they 
are  typically  at  high  temperatures  (>1500*K)  and 
at  these  temperatures  radiative  heat  transfer  is 
important  (radiative  heat  transfer  increases  as 
the  fourth  power  of  T).  Thus,  our  experimental 
design  includes  radiation  shields  that  are 
designed  to  produce,  in  so  far  as  is  possible,  an 
isothermal  enclosure  in  which  the  crucible  is 
suspended.  The  temperature  is  measured  using  a 
W-Re  alloy  thermocouple  inside  a  Ta  shield  with 
BeO  insulators,  and  the  tip  of  this  thermocouple 
is  located  within  ca.  1  mm  of  the  Knudsen 
crucible.  Prior  to  a  vaporization  study  the 
thermocouple  is  calibrated  by  intercomparison 
with  a  Pt-Rh  alloy  thermocouple  that  is  placed 
inside  the  crucible. 

The  effectiveness  of  this  calibration,  and 
of  the  radiation  shielding  is  difficult  to 
estimate.  The  criterion  used  in  this  work  to 
determine  whether  there  are  or  are  not  serious 
temperature  measurement  errors  is  a  standard  in 
high -temperature  vaporization  studies,  namely  the 
comparison  of  enthalpy  changes  determined  by 
second-  and  third-law  calculation. 

4.  -  Data  reduction 

Using  the  free  energy  function  (G?-4iJM)/T 
-  fef  and  considering  a  reaction  such  as 

TAl,(s)  -  TAly(s)  +  (y-x)Al(g) 

for  which  AG?  -  RT  In  PA1,  it  follows  that 
Afef  -  -R  In  Pj'*  -  AH^T, 


The  mass-spectrometer,  because  of  the  or 

existence  of  a  movable  shutter,  is  capable  of  Afef  +  R  in  Py‘*  -  -AHJjj/T. 

providing  a  crude  measurement  of  the  effective  *’ 
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This  equation  can  be  used  in  two  Independent  ways. 
The  first  is  to  plot  the  left-hand  side  vs  T'1  and 
determine  the  slope.  One  AHJgg  value  results  from  a 
least  slope  determination  for  a  given  data  set. 
This  slope  is  a  best-fit  measure  of  AHJgg  if  the 
dirfe.etti.es  oe tween  cite  ref  values: 

fef  -  -  Sf, 


1  T  T 

-  -  J  Cp*  dT  -  /  Cp'/T  dT  -s; 

^  298  0 


are  known  with  sufficient  accuracy  over  the 
temperature  interval  of  the  measurements.  This 
result  depends  only  on  the  0th,  1st  and  2nd  laws  of 
thermodynamics,  i.e.,  only  entropy  differences,  and 
not  absolute  entropies  enter  into  the  calculation. 
The  second  way  to  obtain  AHjgg  values  fr  um  tne 
equation  under  discussion  is  to  use  values  for 
Afef,  which  typically  depend  upon  the  validity  of 

the  third  law  (lim  AS*  »  0),  PA1  and  T  and 
T-'O 

calculate  a  different  AHJgg  value  for  each  measured 
T,  PA,  pair. 


shows  a  second- law  plot  of  In  PA1  vs  T_1  for  the 
Ho3A18-Mo3A1  vaporization  and  Fig.  5  shows  a  plot 
indicating  the  proportionality  between  the 
pressures  derived  from  mass-loss  and  mass- 
spectrometrically  obtained  data.  Table  1  lists  the 
enthalpies  of  formation  of  the  Mo-rich 
intermetal lies  as  determined  in  this  work.  Fig.  6 
shows  the  phase  diagram  reported  for  the  Mo-Al 
system  together  with  some  points  determined  from 
the  breaks  in  our  isotherms.  Note  that  our  phase 
boundaries  were  determined  at  temperature,  and  that 
MoAl,  for  which  data  were  obtained,  is  unstable 
with  respect  to  disproportionation  below  1740*K. 
These  results  illustrate  the  power  of  the  effusion 
method  to  determine  chemical  information  at 
temperature  and  in  a  highly  reducing  environment. 

6.  -  Summary  of  enthalpies  of  vaporization 
for  transition-metal  aluminides 

The  second  column  of  Table  2  lists  the 
enthalpies  of  atomization  per  gram  atom,  i.e.,  AH398 
for  the  reaction 


1 

1+x 


TAlx(s) 


T(g)  +  ~  Al(g) 
1+x  1+x 


It  should  be  remarked  that  Cp  data  for  all 
reactants  and  products  between  0  K  and  T  >  1500*K 
are  seldom  available  and  therefore  estimations  are 
usually  required  in  order  to  do  the  calculations. 
However,  heat  capacity  data  are  frequently  well 
known  for  vapor  species  from  spectroscopic 
measurements,  and  the  estimation  of  heat  capacities 
of  solids  is  a  thoroughly  considered  problem  and 
fairly  good  estimates  of  the  uncertainties  involved 
are  available. 

The  two  methods  of  data  reduction,  called  the 
second-law  and  third-law  methods,  provide  two 
methods  for  checking  for  significant  temperature 
measurement  errors.  First,  the  AHJ98  values 

obtained  by  the  third-law  method  are  checked  for 
systematic  variation  over  the  temperature  ranges. 
The  AHjgg  values  should  all  be  the  same  within 
acceptable  uncertainty,  and  variation  outside  of 
magnitudes  that  could  result  from  Inaccurate 
estimates  in  fef's  is  Indicative  of  temperature 
measurement  or  gradient  error.  The  second  check  is 
accomplished  by  comparing  the  average  third-law 

value  with  the  single  second- law  value  for  AHJ9#.  A 
significant  disparity  between  these  values  is 
indicative  of  temperature  measurement  errors. 

5,  -  Results,  far  to.- A I 

One  of  our  early  studies  was  of  the  Mo-Al 

system  (Shi To  and  Franzen  1982)  and  the  quality  of 

the  results  is  typical  of  our  studies  by  CASMLMS. 
Fig.  3  shows  aluminum  pressure  isotherms.  Fig.  4 


where  T  is  Zr  (Kematick  and  Franzen  1984),  Nb 
(Shilo  et  al.  1982),  Mo  (Shilo  and  Franzen  1982) 
or  Ta  (Schmidt  and  Franzen  1986)  and  the  x  values 
are  those  for  which  we  were  able  to  make  an 
enthalpy  determination.  The  AHJap  298  values  for  the 
transition  metals  were  obtained  from  the  Atomic 
Energy  Review  (for  Zr,  No.  6  (Alcock,  et  al. 
1976),  for  Nb,  No.  2  (Lavrentev  and  Gerassimov 
1968),  for  Mo,  No.  7  (Brewer  and  Lamoreaux  1980)) 
and  for  Ta  the  JANAF  tables  (Chase  1985),  and  that 
for  Al  was  taken  from  (Hultgren,  et  al .  1973).  It 

is  found  that  in  each  system  these  cohesive  or  bond 
energies  can  be  fit  to  a  two  parameter  equation 


ah;.p  (T,A1h) 

(m  +  n) 


nv+n 


>  A  +  (— > 
m+n 


B, 


where  the  A  and  B  values  determined  by  least 
squares  are  given  in  Table  3.  The  values  given  in 
column  3  of  Table  2  are  those  calculated  using  the 
values  of  Table  3.  Column  4  of  Table  2  lists  the 
difference  between  the  calculated  and  observed 
quantities. 

The  fit  between  calculated  and  observed 
values  of  enthalpies  of  vaporization  or  cohesive 
energies  shown  by  the  data  of  Table  2  suggests  the 
following  interpretation:  When  an  intermetallic 
compound  forms  it  does  so  in  such  a  way  as  to 
realize  a  maximum  bond  energy.  For  exaule,  In  the 
case  of  the  aluminides  of  zirconium  (Kematick  and 
Franzen  1984),  Zr  brings  to  the  intermetallic 


compounds  the  capacity  to  form  bonds  yielding  154.3 
kcal  per  g  atom  and  AT  brings  the  capacity  to  yield 
88.5  kcal.  The  observed  stoichiometries  and 
structures  are  those  that  provide  the  framework 
within  which  the  elements  can  realize  this  bonding 
potential  tc  vf' thin  about  t!  •'cal  per  g  atom.  If 
this  potential  is  not  realized  in  a  hypothetical 
compound,  then  that  compound  will  be  unstable  with 
respect  to  disproportionation,  and  will  not  be 
observed.  This  interpretation  is  supported  not 
only  by  the  data  of  Table  2  and  similar  data  for 
other  systems  (Schmidt  1986),  but  also  by  the  well 
known  fact  that  enthalpy  changes  accompanying 
solid-state  phase  transitions  are  very  much  smaller 
than  the  vaporization  enthalpies  of  the  compounds, 
i.e.,  changes  in  structure  occur  between  phases  for 
which  bond  energies  are  very  nearly  the  same. 

7.  -  Hioh-temoerature  X-rav  diffraction  (HTXRD1 

In  the  last  several  years  we  have  been  using 
a  high-temperature  X-ray  diffractometer  capable  of 
providing  X-ray  diffraction  patterns  for  samples  at 
temperatures  .?  t.o  2000‘C  to  examine  heterogeneous 
behavior  in  far  greater  detail  than  has  been 
possible  using  the  Knudsen  technique  alone.  For 
example,  Fig.  7  shows  the  diffractometer  patterns 
for  Ta-Ru  samples  at  room  temperature,  1000  K,  1173 
K  and  1433  K  showing  the  consecutive  cubic  — > 
tetragonal  and  tetragonal  — >  orthorhombic 
transitions.  Fig.  8  shows  the  phase  diagram 
inferred  from  the  diffraction  study. 

8.  -  The  Lu-S  system 

An  interesting  example  of  the  complementary 
uses  of  Knudsen  effusion  and  HTXRD  was  provided  by 
an  investigation  of  the  Lu-S  system.  Some  years 
ago  (Franzen  and  Flariharan  1979)  we  found  that 
Lu0  75S  vaporizes  congruently  and  reported 
(Hariharan  et  al .  1981)  an  unusual  partially 

ordered  superstructure  of  NaCl-type  for  Lu3S4.  Now, 
by  virtue  of  HTXRD  studies,  we  have  a  somewhat 
different  view  of  the  system.  The  key  experiment 
was  the  formation  of  a  sample  by  the  decomposition 
of  Lu2S3  with  the  a-Al203-type  structure  by 
vaporization  from  a  W  Knudsen  cell,  and  further 
examination  of  this  sample  by  HTXRD.  We  found:  1. 
that  the  sample  obtained  by  decomposition  of  Lu2S3, 
which  we  call  Lu2,xS3,  no  longer  has  the  a-Al203 
structure,  but  has  a  powder  pattern  identical  to 
that  of  the  Lu0  ,5S  sample  obtained  in  prior 
studies,  2.  that  this  Lu2„S3  transforms  to  NaCl- 
type  at  high  temperatures  (above  about  1200 *C) ,  and 
3.  the  intensities  of  the  lu2.xS3  powder  pattern  are 
not  fit  well  by  a  calculation  based  upon  the  lu3S4 
structure,  we  reported  previously.  A  Rietveld 
full-profile  refinement  of  the  powder  diffraction 
data  for  room  temperature  lu2.xS3  showed  that  it  has 
the  Sc2S3-type  structure  (Dismukes  1964)  a  vacancy 
ordered  superstructure  of  NaCl-type. 


A  phase  diagram  that  summarizes  these 
findings  is  shown  in  Fig.  9.  The  congruently 
vaporizing  phase  is  Lu0  75S  with  the  defect  NaCl- 
type  (random  vacancies)  structure.  When  cooled  to 
a  sufficiently  low  temperature  the  Sc2S3-type  phase 
precipitates  out  of  the  random  solid  solution  (this 
is  a  first-order,  order-disorder  process).  This 
behavior  was  difficult  to  discern  in  part  because 
the  strong  reflections  from  both  the  NaCl-type  and 
the  Sc2S3-type  phases  overlap  and  are  separated  only 
by  maximum  resolution  (Guinier)  and  then  only  for 
some  S/Lu  ratios.  The  HTXRD  experiment  showed  that 
Lu2„xS3  with  the  Sc2S3-type  structure  transforms  to 
NaCl-type  at  high-temperature,  and  thus  that  a 
supposed  congru.ently  vaporizing  lu3S4  does  not 
intervene  between  the  NaCl-type  and  the  Sc2S3-type 
phase.  The  phase  to  which  the  Lu3S4  structure 
corresponds  remains  to  be  explained.  It  seems 
likely,  perhaps  even  necessary,  that  this  structure 
does  not  correspond  to  an  equilibrium  phase.  There 
were  many  twinned  crystals  found  in  the  search  for 
a  single  crystal  of  Lu3S4,  and  the  final  structure 
(Hariharan  et  al .  1981)  obtained  for  Lu3S4  is  a 

highly  unusual  partially  ordered  structure.  It  is 
therefore,  probable  that  the  structure  was 
determined  from  a  crystal,  perhaps  one  of  many 
different  such  crystals,  within  which  the  ordering 
from  NaCl-typ*  to  Sc2S3-type  was  incomplete  when  the 
sample  was  quenched  to  room  temperature. 

9.  -  Conclusions 

The  CASMLMS  technique  for  the  study  of  high- 
temperature  chemical  behavior  and  the  determination 
of  enthalpy  changes  for  reactions  at  high 
temperatures  was  described.  The  conditions  that 
must  be  met  in  order  that  a  Knudsen  effusion  study 
can  produce  meaningful  thermodynamic  results,  and 
the  methodology  for  considering  these  conditions  in 
the  case  of  the  CASMLMS  technique  were  reviewed. 
It  was  shown  that  the  transition-metal  aluminides 
provide  nearly  ideal  examples  for  study  by  this 

technique.  The  results  of  four  such  studies  were 
used  to  demonstrate  a  "chemical -bonding"  inter¬ 
pretation  for  the  formation  of  intermetallic 

compounds.  The  HTXRD  technique,  especially  In 
combination  with  Knudsen  effusion,  was  shown  to 
provide  a  uniquely  powerful  method  for  analyzing 
heterogeneous  behavior  at  high- temperature. 
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Table  1 


AHJ  (kcal/mol)  per  gram  atom 

Compound 

2nd  Law 

3rd  Law 

Mo3A18 

-11.2  (3) 

-9.4  (1) 

MoAl 

-6.6  (4) 

-7.5  (2) 

Mo3A1 

-6.6  (5) 

-5.1  (1) 

Table  2 

Obs 

AH;.p  (kJ/g  atm) 
Calc 

A 

ZrAlj 

104.7 

105.2 

+0.5 

ZrAl2 

111.3 

110.7 

-0.4 

Zr2Al3 

115.8 

115.0 

-0.8 

ZrAl 

121.9 

121.6 

-0.3 

ZrsAT  4 

125.2 

125.2 

— 

Zr3Al2 

127.4 

128.1 

+0.7 

Zr5Al3 

128.6 

129.8 

+1.2 

NbAl3 

134.8 

134.9 

+0.1 

Nb2Al 

166.2 

164.3 

-1.9 

Nb3Al 

168.2 

170.2 

+2.0 

Mo3A18 

111.3 

111.1 

-0.2 

MoAl 

124.6 

128.6 

+1.0 

MOjAl 

144.3 

142.6 

-1.7 

TaAl  3 

111.5 

111.2 

-0.3 

Ta2Al3 

126.4 

126.3 

-0.1 

Ta2Al 

153.4 

153.3 

-0.1 

Ta3Al 

162.0 

161.7 

-0.3 

Ta4Al 

167.3 

166.8 

-0.5 

Enthalpies  of  vaporization  (atomization) 
as  determined  by  CASMLMS 


Table  3 

A(kcal)  B(kcal) 


Zr-Al  154.3  88.5 
Nb-Al  187.7  117.2 
Ho-Al  159.1  93.0 
Ta-Al  187.0  85.9 


TEMPERATURE  (K) 


Temperature  (°C) 


to  ao 

Zt o 

ro 

8  i 

c\l 

O 

oj 

O 

00 

tu 

^T 

CM 


- 

- 

M  a  A.  aAA _ A- 

■ 

:  i 

-  ! 

, 

t — 

“tJ - H — ' - r1-1 — i - *— i - 

30  40  50  60  70  80  90 

2v 


7c.  Calculated  and  observed  X-Ray 
Diffraction  Pattern  for  Orthor  oinbir  ruta. 
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9.  Schematic  Lu-S  Phase  Dragram  in  the 
LuS-Luj,S3  Region  at  Elevated  Temperatures 


8.  Ru-Ta  Temper ature-Compos  i  ton  Phase 
Dragram . 
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Abstract. 


Three  alternative  simple  procedures  for  the  Gibbs— Duhem  integration  have  been  presented 
for  di-gaseous  quaternary  systems  in  order  to  calculate  unknown  activities  of  two  components  from 
known  activities  of  the  other  two  components.  Extension  to  k  — gaseous  (fe  +  2)— component  systems 
has  also  been  given,  here  k  is  any  positive  integer.  Each  one  only  requires  one  set  of  integration  and 
oue  set  of  differentiation  for  a  homogeneous  phase.  The  differentiation  can  be  omitted  when  one  of 
them  is  applied  to  a  multiphase  anti  its  boundary.  The  results  have  been  extended  to  k  —gaseous 
c— component  systems  with  c>  k  +  2. 


1.  -  Introduction 


As  is  well  known,  if  the  activity  of  one  component  has  ex¬ 
perimentally  been  known  in  a  ternary  or  multicomponent  sys¬ 
tem.  activities  of  all  other  components  in  the  system  could  be 
calculated  by  using  one  of  the  procedures  of  the  Gibbs-Duhem 
integration  proposed  by  Darken  ( 1950).  Wagner  ( 1952),  Schuh 
niann  (1955),  Gokren  (1900).  Arita  and  St.  Pierre  (1977). 
Chou  (197S).  Korpachev  et  al.  (1979).  Wang  (1981)  as  well 
as  Wang  and  Chon  (19S4).  respectively. 

If  there  exist  two  or  more  volatile  components  in  the 
systems,  however,  activities  of  all  these  volatile  components 
could  be  measured  simultaneously,  for  example',  by  using  isopi- 
estie  method.  Knudsen  effusion  method  or  chemical  equilib¬ 
rium  method.  It  is  therefore  required  to  present  new  forms 
of  the  Gibbs-Duhem  integration  to  calculate  the  unknown  ac¬ 
tivities  of  the  involatile  components  in  the  systems  from  the 
known  activities  of  the  two  or  more  components. 

Nagnmori  and  Yazawa  (1988)  first  presented  such  an 
procedure  of  the  Gibbs  Duhem  integration  for  quaternary 
systems  involving  two  volatile  components  and  two  involatile 
components.  As  pointed  out  by  them,  however,  their  equa¬ 
tions  are  very  complex.  The  unknown  activity  of  the  third 
component  in  a  quaternary  system  1  -  2  —  3  —  4,  for  example, 
should  be  calculated  by  the  following  equation: 


Intit  =  ling,),  „ 


[r‘  _ ,  dJi  .  ,0lnp2 

L  u  -  J,  -  x2R  dy  W'”  dx2  hp' 


-t/G-x,)  dlrtp2 

I  ,  C2  n  ba.pj  ex 2 

Jn  ( 1  —  tj  -  x2y  ay 

lr‘  ,dlnp2x 

I  -I  ' 

■In  1  —  -r,  —  x2  x  2 

( 7  -  ron.it.  and  p i  =  ron.it.) 


from  known  activities  of  the  first  and  second  components  and 
from  the  known  initial  condition  of  the  1-3-4  ternary  subsys¬ 
tem.  using  three  sets  of  differentiation  and  three  sets  of  inte¬ 
gration,  according  to  eqns.  (33)-  (37)  in  the  reference-,  where 
X|.  x2.  x.|.  ,r4  and  aj.  «•>.  a3.  o4  are  atomic  (or  mole)  fractions 
and  activities  of  components  1.  2.  3  and  4  in  the  quaternary 
system,  respectively;  p\  and  p2  are  partial  pressures  of  the 
components  1  and  2.  respectively;  and  y  is  a  composition  ra¬ 
tio  defined  by 


Notice  that  the  symbols  x  and  y  here  have  different,  mean¬ 
ing  from  those  defined  by  Nagamori  and  Yazawa  (19SS).  The 
purpose  of  this  paper  is  to  simplify  the  procedure  mentioned 
above  and  to  extend  the  results  to  fc-gaseous  (k+ 2 (-component 
systems  and  t-gaseous  c-coinponent  systems,  here  c  >  k  +  2 
and  k  refers  to  any  positive  integer. 

2.  —  Three  alternative  simple  procedures  for 
quaternary  systems  - 


Let  pi ,  p2.  P:i  and  p4  be  the  chemical  potentials  of  the 
components  1.  2,  3  and  4.  respectively,  in  the  1  —  2  — 3  — 4  qua¬ 
ternary  system,  let  G  be  the  molar  Gibbs  free  energy  of  the 
system  and  let  the  superscript  E  refer  to  excess  functions. 
Basic  thermodynamic  equations  for  the  quaternary  system 
may  be 

GE  —  X\fLE  4-  X2H2  T  X;i p3  +  X4/<f .  (3) 

dGh  =  /(fdxi  +  pf{dx2  +  P3dx3  +  p4  d.r4  (4) 

and 

xtdpf  +  x2dp  f  +  x3dpE  +  x4dpf  =  0.  (5) 


(1) 
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2.1.  —  Procedure  A. 


From  eqn.  (3) 


Mui)  = 


xL/rf  +  Tin? 


J*3  +  J'-i  i*3  -f  -f-i 


+  (i  -  +  y/'f-  (6) 


Differentiating,  eqn.  (G)  and  comparing  the  results  with  eqn. 
(5),  we  have 

d{-^(‘fi)  =  d ,l — - hpjrf — T —  +  (;i4  —  ji3)d\j,  (7) 

x.s  +  x4  x3  +  .r., 


/  WN 

'/  \ ' 

1  I  a  ,  ' 


which  fields 


(-■»<„!>  =  (<--lw)>)x1=o+/',+I‘l<fd- 

^0  J"  3 


(y  =  const.  and  - =  const.),  M 

J3  +  X4 


\ 


,(>  -  ((-■!{<)) )xj=o  +/  *  ~ 

Jo  .r3  + 


'  Jo  '  ‘  x3  +  x4 

(y  =  corns#,  and  - - —  =  const.)  (9) 

•r.i  +  x., 


d'-/'£  =  (10) 

UIJ  *A  +  *4  *A4*4 

Since 

,/— =  — L_(i  +  ~^—)dxt 

X ;)  +  X,  (  1  -  I\  r  X:)  +  X4 

at  the  condition  of  y=const.  and  x2/(x3  +  x4  )=const.  as  well 


f  igure  1.  Integration  and  differentiation  paths  for  the  procedure  A 
in  a  quaternary  system  1-2-3-4.  a,  integration  path  for  eqn.  (11).  b. 
integration  path  for  eqn.  (12)  and  c.  differentiation  path  for  eqns. 
(1-1)  and  (15). 


‘i — ~ —  =  pj — - — p(i  +  — - r — )(ll2 
•r.t  +  x4  (I-J2)  -r3  +  x4 

at  the  condition  of  y=const.  and  xi/(x3  +  x.t)=const..  eqns. 
(S)  and  (9)  can.  respectively,  he  rewritten  as 

T - ^ =  <GS)„=o  +  r  /„ 

I  +  J'-2/( -Til  +  X.|  )  1-^1  JO 

1 2 

( y  =  const,  and  -  =  const.)  (11) 

*3  +  -r-i 


’E)t2=Q  +  f 
Jo 


1  +  +  X.,)  1  -  X2 

(y=eon.s/.  and  — 

X; 

where  o  is  a  known  function  defined  bv 


:  const.),  (1*2) 


/«['*  ,  fl2 

Oi  =  — - -  and  «2  —  7Z - :  - 

(1  -./•!>'  f  1  -  *r2)2 


Multiplying  eqn.  (10)  by  y  and  combining  the  results  with 
eqn.  (G).  we  have 


,  O'  , 


X)/tf  +  I2/'2 


!  chl/y)  x3  -f-  Si 

From  eqns.  (  10)  and  ( 14) 

/,  _  0\{AM)/n  -y)K  ^  ,  ri/'f  +  r2/^: 

11  *  3[1/(1  -  y)j  Trh; .r:,  +  .r., 


Figure  2.  Relation  between  partial  molar  quantities  and 


{»<?})or  (CM).  MP  =  and  SQ  =  „ f  + 

when  F.Oh  denotes  (/!{,})  against  y  at  constant  X|/(x3  +  x4)  and 
X2 /(x3  +  x,();  A/ P  =  p 3  +  RJln(x3  +  x4)  and  .V(J  =  /(f 
+  R7  (n(x3  +  i4)  when  A.O A  denotes  {B^})  against  y  at  constant  m 


and  n2 ■  as  well  as  A/  /'  =  /ry  + 


F  i  r2»?  +  KTx3[l+ln|ra  +  r4)] 


+  RTIii(x3+i,  ) 


and  NQ  =  +  RTln( l3  +  T<)  when  BOA’ 

denotes  (C^j)  against  y  at  constant  aj  and  xj/(x3  -f  X4). 
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Curves  a  and  6  in  Fig.  1  illustrate  the  alternative  integration 
paths  expressed,  respectively,  in  eqns.  (11)  and  (12),  while 
the  curve  c,  the  differentiation  path  expressed  in  both  eqns. 
(14)  and  (15).  After  (A{,j)  has  been  calculated  in  terms  of 
either  eqn.  (11)  or  (12),  both  /if  and  /if  may  be  calculated 
at  the  same  time  in  terms  of  eqns.  (14)  and  (15)  along  the 
curves  of  11/(13  4-  x4)=const.  and  12/(13  +  x4)=const.  as 
illustrated  in  Fig.  2.  Only  one  set  of  integration  and  one  set 
of  differentiation  is  required. 

From  eqn.  (10) 

(M{,}».-2-4  ternary  ((df,)))!  —  2—3  ternary 

( — — ^ —  =  const,  and  — — —  =  const.). 
*3  +  x4  I3  +  *4 

(16) 


Similarly. 

/  (/*'/  —  )^Z  V  =  (  (-^{9})  )  1-3-4  ternary 

vO  —1  I*  w'2 

-  ((-•*{,})  )2-3-4  ternary 

( -  =  const,  and  - =  const.).  (17) 

H  +12  Xi  +  X2 

Equations  (16)  and  (17)  can,  respectively,  be  used  for  check¬ 
ing  the  thermodynamic  consistency  between  the  data  of  the 
quaternary  system  and  its  binary  and  ternary  subsystems. 

2.2.  —  Procedure  B. 


Equation  (6)  can  be  rewritten  as 

,r ,  v  GE  -  Xi/if  -  x2/if  ,  , 

(B{q t)  =  — — - - - - f-  RTln( x3  4- x4) 

x3  +  x4 

=  (1  -  y)fi§  +  y/if  4-  RTln(x3  +  x4).  (18) 


Differentiating  eqn.  (18)  and  comparing  the  results  with  eqn. 
(5),  we  have 


d(BM)  =  -RT  Jl — dlnai  —  RT  X--dlna2  +  (rf  -  /tf)tfy 

X  3  +  X4  J3  +  x4 

(19) 


X  \  X'l 

dln(x3  +  x4)  = - - - dlnx\ - ; - dlnx2. 


x3  +  x.i 


x3  +  x4 


Equation  (19)  yields 


(Blq>)  =  ((Bm)U=0-RT  r  ^-da, 

J 0  £3  -f-  X4 

(y  =  const,  and  a2  ~  const  ). 


(20) 


(BM) 


(y  =  const,  and  a,  =  const.) 


(21) 


and 


M4 


1  dy  ' 


(22) 


Multiplying  eqn.  (22)  by  y  and  combining  the  results  with 
eqn.  ( 18),  we  have 


=  \  -  RTln(x3  +  x4).  (23) 

From  eqns.  (22)  and  (23) 

E  =  f  ^[(-g{^})/(!  -  y)] ,  _  nri  X  ,  X  (0A. 

d[\/(\  —  y)]  RTln(x3  +  x4).  (24) 

Curves  a  and  6  in  Fig.  3  illustrate  the  alternative  integration 
paths  expressed  respectively  in  eqns.  (20)  and  (21)  and  the 
curve  c,  the  differentiation  path  for  both  eqns.  (23)  and  (24). 
Therefore,  after  has  been  calculated  in  terms  of  either 

eqn.  (20)  or  (21),  both  /if  and  /if  may  be  calculated  at  the 
same  time  in  terms  of  eqns.  (23)  and  (24)  along  the  curves 
of  al  =const.  and  a2=const.  as  illustrated  in  Fig.  2.  The 
procedure  also  involves  one  set  of  integration  and  one  set  of 
differentiation. 

2.3.  —  Procedure  C. 


Equation  (6)  can  also  be  rewritten  as 


<CW>  = 


GE  -  Ji/if  +  flTx2[l  +  /n(x3  +  x4)] 


X3  +  X4 


+  RTln(x3  +  x4) 


+  (1  -  y)/if  +  y/if  +  ^l1+^3  +  r4)  1 

*3  +  *4  X3  +  X4 


+  RTln(x3  +  x4). 


(25) 


Differentiating  eqn.  (25)  and  comparing  the  results  with  eqn. 
(5),  we  have 


d(CM)  = 
+ 


—  RT ■ - - — —dlnai  4-  {/if  "1  RTln(x 3  -I-  x4)}d- - - — 

*3  +  *4  "  X3  +  X4 

(rf~H3)dy  (26) 


since 


1 


Figure  3.  Integration  and  differentiation  paths  for  the  procedure 
B  in  a  quaternary  system  1-2-3-4:  a,  integration  path  for  eqn.  (20). 
6,  integration  path  for  eqn.  (21 )  and  r,  differentiation  path  for  eqns. 
(23)  and  (24). 
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J(l-i,)/n(i3  + 14)  1-x,  J(  ,  ,  ,  ,  .  ,  ,  x2 

d— - - - -  =  - ; — -dln(x3  + x4)  +  ln(x3  +  x4)d - 

x3  + x4  x3  +  x4  x3  +  x4 

and 

Z 1  dln(x3  +  x4)  =  —  — dlnxi  —  d  12 


x3  +  x4 
Equation  (26)  yields 


£3  +  £4 


£3  +  X4 


(Cm)  =  ((C{f,))ai=o  -  RT  r  -^—rda 

Jo  x3  4"  £4 


(y  =  const,  and 


13  +  x 4 
x 2 


x 3  +  x4 


=  const.), 


(27) 


({<7<,}))I2=o  +  {4  +  RTln(x3  +  x4))d — ^ — 

Jo  13  +  x4 

(y  =  const,  and  a\  =  const.)  (28) 


and 


4 


4  =  ( 


d(CU}))  , 

dy  <*1'*3+2i» 


(29) 


Multiplying  eqn.  (29)  by  y  and  combining  the  results  with 
eqn.  (25),  we  have 


4 


rd{(C{, })/;/}  t  _  x2lx% 

d{l/y}  X3  +  x4 

flTx2[l  +  ln{x3  +  x4)] 

£3  4-  x4 


RTln(x3  +  x4) 

(30) 


From  eqns.  (29)  and  (30) 

e  =  ,g{(q,>)/(i-v)}, 

U  1  d{l/(l-y)}  '••■s&T 

ftTx2[l  +  In(x3  +  x4)] 

13  +  14 


-  /?Tln(x3  +  x4) 

'3  +  *4 

(31) 


1 


Figure  4.  Integration  and  differentiation  paths  for  the  procedure 
C  in  a  quaternary  system  1-2-3-4:  a,  integration  path  for  eqn.  (27), 
6,  integration  path  for  eqn.  (28)  and  c,  differentiation  path  for  eqns. 
(30)  and  (31). 


Curves  a  and  b  in  Fig.  4  illustrate  the  alternative  integration 
paths  expressed,  respectively,  in  eqns.  (27)  and  (28)  and  the 
curve  c,  the  differentiation  path  for  both  eqns.  (30)  and  (31). 
Therefore,  after  (C{,;)  has  been  calculated  in  terms  of  either 
eqn.  (27)  or  (28),  both  /rf  and  fi4  may  also  be  calculated 
at  the  same  time  in  terms  of  eqns.  (30)  and  (31)  along  the 
curves  of  ai=const.  and  x2/(j  3  +  x4)=const.  as  illustrated  in 
Fig.  2.  The  procedure  also  only  involves  one  set  of  integra¬ 
tion  and  one  set  of  differentiation. 


3.  —  Activities  in  multiphase  regions 

The  three  procedures  mentioned  above  can  be  applied 
to  both  homogeneous  phases  and  multiphases.  When  applied 
to  multiphase  regions,  the  procedure  B  may  further  be  sim¬ 
plified.  In  such  a  case,  eqns.  (23)  and  (24)  can,  respectively, 
be  rewritten  as 

,81((B|„))  +  OT[(1  -  l/)lnx3  +  ytnx,  -  ln(x3  +x,)])/v),  ,.,o\ 

,  8{((B1«)>  +  KT[(1  -  y)fnX3  +  ylnit  -  ln(x3  +  z«)])/(l  -  v)}  , 

RT,nat  =  < - a{./(i  ",)} - 

(33) 

Since  every  tie-line  in  any  multiphase  region  and  at  its  bound¬ 
ary  is  a  common  isoactivity  line  for  all  the  four  components, 
{(£{,})  +  RT[(  1  -  y)lnx3  +  ylnx4  -  ln(x3  +  x4)]}  against  y 
corresponding  to  every  tie-line  should  be  a  straight  line.  The 
intercepts  of  its  extension  should  be  equal  to  RTlna3  at  the 
axis  of  y  =  0  and  RTlna4  at  the  axis  of  y  —  1.  The  differen¬ 
tiation  calculation  can  therefore  be  omitted  and  only  one  set 
of  integration  is  required. 


4.  —  Extension  to  k  —  gaseous  (k  +  2)  -  component 
systems- 


In  this  section  we  discuss  how  to  calculate  unknown  ac¬ 
tivities  of  both  ( k  +  1)— th  and  (A:  -+  2)— th  components  from 
known  activities  of  other  k  components  in  (k  +  2)— component 
systems. 

Let  t  be  a  composition  ratio  defined  by: 


t  = 


Xk+2 

Ifc+l  +  xk+2 


(34) 


Extending  eqns.  (6)  and  (7)  to  k- gaseous  (A: +  2)— component 
systems,  we  have 


iA{k+2})  = 


GE 


_  _  T,jXi4 

xk+l  +  xk+2  Xjfc+1  +  Xk+2 


+  (1  -  *)4+ 1  +  *4+2' 


(35) 

d(A{k+2))  =  E4dx^lXk-  +  ( 4+2  -  4+x)d*'  (36) 

where  i  £  {1,2,  •  •  -,k}.  Equation  (36)  yields 


_ (^{*+3}) _ 

1  +  Hi*  Xi'/(xi,+\  +  it+r) 

( t  =  const,  and 


=t^-=(ge)*.=o+  r 

1  —  Xi  Jo 

Xi‘ 


all 


Xk+X  +  xt+2 


=  const. 


axdxx 

(37) 


and 


,.E  ,,E  _  (d(A*k+4 1 

Mfc+2  ^Ar+I  ~  \  fa  Jail 


(38) 


where  i‘  €  {1,2,-  •  • ,fc }  but  i*  ^  i.  From  eqns.  (35)  and  (38) 


e  _  ,d((A{k+i)) A) , 
Lm  1  d(l/ 1) 


ck+l+**+i 


E  _  l  d[(Ajk+2))/(l  ~  0]  1 

{  £>[1/(1  -  t) ]  r^iT2 


E.  x,nf 

■Tt+l  +  xk+ 2 

L.z.mF 

xk+ 1  +  xk+ 2 


(39) 


•  (40) 


Therefore,  the  whole  calculation  only  involves  one  set  of  in¬ 
tegration  along  the  curves  of  i=const.  and  all  x,-/(it+1  + 
■rfc+2)=const.  and  one  set  of  differentiation  along  the  curves 
of  all  x,/(x*+1  +  x*+2)=const. 

Extending  eqns.  (18)  and  (19)  to  fc-gaseous  (k  +  2)— 
component  systems,  we  have 


(B{k+i\)  =  — — —  +  RTln(xk+ 1  +  xk4.2) 
x*+i  +  xk+2 

=  (1  —  <)/if+1  +  t/j f+2  +  RTln(xk+1  +  x*+2),  (41) 


d(B{k+2))  =  -RT^T- - - - dlna,  +  (fi  f+2 

,  x*+1  +  xt+2 

Equation  (42)  yields 


Mk+ 1  )dt. 
(42) 


(B(fc«|)  =  {(-B(fc+2()}a,=0  -  RT 

Jo 


x,/a. 


**+l  +  xk+ 2 
(1  =  const,  and  all  a =  const.). 


~dat 


^f+2 


£  ,  d(#f*+2}). 

fc+1  ~( — 


■a1** 


Froin  eqns.  (41)  and  (44) 


(43) 

(44) 


hf+i  =  ( — )aii  e>  _  HTln(x*+i  +  x*+2),  (45) 

l‘k+2  =  (a(<afi7(i -  t)}  °} -  -XTln(xk+l+xM).  (46) 

Therefore,  the  whole  calculation  only  involves  one  set  of  inte¬ 
gration  along  the  curves  of  <= const,  and  all  a,.=const.  and 
one  set  of  differentiation  along  the  curves  of  all  a,  =const. 


Extending  eqns.  (25)  and  (26)  to  fc-gaseous  (k  +  2)- 
component  systems,  we  have 


(C(*+2}>  = 


+ 


+ 


GE  ~  E2  xitlf  +  RT\  1  -f  ln(xk+ 1  +  Jfc+2 )]  XTj  xi 
xr+i  +  Xk+2 
RTln(xk+\  +  xk+2) 

( l  -  Onf+i  +  tpf+2  +  Rrin(xk+ 1  -f  x*+2) 

Et  xiM*‘  +  RT\l  +  ln(xk+l  +  xk+2)}J2i  Xj 
x*+i  +  x*+2  xkrl  f  it+2 


rf<C{t+2)>  =  -RTJ2—XL-  - dlna , 

j  xk  + 1  +  xk  +  1 

+  +  RTln(xk+l  +  xj,+2)}<f - p - 

V  *fc+i  + 

+  (Mjf+j  ~Rk+l)dt  (48) 

where  7  6  [1,2,  •  •  -,h  <  A-}  and  l  £  (fc  +  l,A  + 2, 
Equation  (48)  yields 

(C’{*  +  2|)  =  ((C{*+2)))a,=o  -  /  - ’■ - da,  {t  =  const. 

Jo  *k- M  +  *fc  +  2 

all  aj»  =  cons/.  and  all  - — -  =  cons/.),  (49) 

x*+ l +  **  +  2 


(C{t+2})  =  ((C{t+2}))x,=0 

-  /  {/rf  +  RTln(xk+i  +  xk+2)}dln - 7 - 

-'0  xk+l  +  x*+2 

(1  =  const.  all  aj  =  const,  and 

all - - - =  const.)  (50) 

X*+l  +  Xk+2 


and 


ti  c.  , 

Rk+2  ~  Rk+l  ~  ( 


E  _  /  d(C{M}) 


dt 


all  aj,  all 


x{ 


**+l +*k+ 2 


(51) 


where  j*  £  {1, 2,  •  ■  h  <  A:}  but  j"  yf  7  and  /*£{/t+l,h  + 
2,  •  •  •,  t}  but  /*  ^  /.  From  eqns.  (47)  and  (51) 


t*k+i 


fd{(C{k+2})/t} 

{  3(1/1}  n77+n+7 

RTIn(xk+l  +  x*+2)  -  -  E'  X^‘ 

xk+ 1  -r 

f7T[l  -f  ln(xk+ 1  +  xt+2 )]  El  xi 

I*+l  +  xk+2 


(52) 


E 

t*k+ 2 


3{(C(W})/(1-1)} 

v  3{1/(1  -  <)}  >a“  TT^r; 7 

RTln(xk+\  +  xk«)  -  —  -7^^- 

/fT[l  +  /n(xt+i  +  xt4.2)]Et^t 
Ik+l  +  *k+2 


(53) 


Therefore,  the  whole  calculation  only  involves  one  set  of  in¬ 
tegration  along  either  the  curves  of  t= const.,  all  Qj.=  const., 
and  all  x;/(x*+i  +  Xk+2)=const.  or  the  curves  of  <=const., 
sdl  a;=const.,  and  all  x(./(x*+1  +  xl+2)=const.;  and  one  set 
of  differentiation  along  the  curves  of  all  a,=const.  and  all 
x»/(x*+1  +  xt+2)=const. 


5.  —  Discussion- 


For  A:— gaseous  c—  component  systems  where  activities 
of  the  k  components  have  been  known,  the  procedure  A  yields 


(-4(2})  = 


GE 


*k+l  +  xk+ 2 


E.  +  Em  xmHj 

xk+ 1  +  xk+ 2 

(AU}) _ 


+  (l-!)/if+l  +f/if+2 
(54) 

GE 


1  +  E,-  Xi'/{xk+l  +  Xk+2)  +  Em  xml(xk+\  +  XM)  1  -  x, 

=  (GE)Tl=  0  +  /  otidxi 
Jo 


(t  =  const.. 


all 


x,. 


all 


xk+i  +  x*+2 

x n 


=  const,  and 


e  _  ,  d(^{c}) 


rm 


xk+l  +  Xk+2 


)(,  all 


=  const.), 


*h  +  l+x*+2’  *k+J+*k+3 


3ffc+l  +®k+2 


(55) 

(56) 


E  _  ,d((A{c))/t) 

^*+1  '  3(1/1)  ,0''  7T~ri' 


- all  - — ia - 

*fc+l+*fc+2  *fc+l+*k+2 

E.  X-M?  +  Em 

^Jt+1  +  ^Ar+2 


(57) 


and 


53 


e  _  ,atMw)/(i-f)i 

>  3(1  111  <M 


/‘k  +  2 


d[\/(\  —  /)]  ^ att  xk+\+Jk+2>att  *fc  + l+*fc+2 

_  E(  X,pf  4  £m  1.^ 
Xk+t  4  Xk+2 


(58) 


where  i,  i*  £  {1,2,-  ■  •,  k)  but  i"  i  and  m,m'  £  {k  +  3,  it  4 
4,  •  •  -,c}  but  m"  ^  m;  the  procedure  B  yields 


(*<«»>  s 


cg  -  E.  J.hf 

Xk  +  l  +  tt+2 


+  RTln(xk+\  4  xk+2) 


4  RT[  1  4  ln(xk+i  4  -T  *+2 )] 


Em  Xn 


Xk  +  l  +  Xk+2 


—  (1  —  t)nk+ 1  +  tfik+2  +  RTln(xk+ 1  4-  **+2) 


+  ftr[l  4  in(i)t+i  4  xk+2 )] 


Em  X„ 


Xk  +  l  +  Xk+2 


+  E 


£k+ 1  +  £*+ 2 


(59) 


<*fc>> 


«%}>k=o-  r  ■  X'l  ’  rfa, 

3o  H+1  4  xt+2 

(/  =  const.,  all  a,.  =  const,  and 


all 


=  const.), 


Jk+i  4  x*+2 
^  +  RTln(xk+\  4  xt+2)  =  (-/^  ), 


(60) 


3_ - £m -  4  a/(  a,,  all  -  - 

un*i+nti  '*+.+**+2 


(61) 


/<k+i  =  ( 

-  Iff[l4/n(rtt|4n+! 

and 


3{l/t)  )a"  tt"  »>+*“>+,  RTln(xk+t  4  Xk+2) 

Em^m4,E 


h+\+*k+5 

Em  Xm 


Xk+i  +  Xfc+2  H+1  4  H+i 


(62) 


,  3{(g)c>)/(l-t)} 

>M  (  a{i/(i-<)}  '‘+fft7+v 


-  RTln(rk+l  4xw) 

-  f?T[l  4  Mxfc+i  4  Xk+2)] 

Em  Xmhm 


Em  X„ 


Xk+l  4  Xk+2 


Xk+l  4  Xk+2 

and  the  procedure  C  yields 

-Yx  uE 

(1-V })  2  - ^-4m(lH,  +  n«) 

Xk  +  l  4  Xfc+2 


(63) 


4  flr[l4/n(x*+1  4X*+2)1 


Ll  XI  4  Em  Xn- 
Xk+l  +  Xk  +  2 


...  /  t  H  E  ,  ImE  ,  El  Xinf  4  Em  Xm/*m 
-  ( 1  -  +  yM*+2  + ; — — - 

*Jfc+ 1  +  Z/fc+2 

+  RTln{xk+x  +  x*+2) 


RT[\  +  tn(x  k+\  +  **+2)1 


El  */  +  Emxrr 


<^c}>  =  ((C|c}»a,=0-  I*’ 

Jo 

all  <2; •  =  conjf. 

r  .. 

and  a/1 


Xk+l  +  Xk  +  2 
Xj/»j 


(64) 


x*+l  +  **+2 
*{ 


a// 


**+ 1  +  *fc+2 


x*+|  4-  *fc+2 
cons*.). 


rfaj  {f  =  const, 
const. 


(65) 


(C{c})  =  «<?{,}»*,= 0  -  /0*‘+1+“+2  (kf  +  RTln(xk+1  4  Xk+2)) 
■T/ 

•d/n -  (t  =  const.  all  aj  =  const. 

Xk+l  4  Xk+2 

X/. 

a// - =  cons/. 

Xk+l  4  Xk+2 

and  all  - — -  =  const.),  (66) 

Xk+i  4  ik+2 


/‘m  +  RT,n(Xk+ l+Xk+2>  =  ( 


d(C(g)) 


•«  »« 


(67) 


hk+i 


and 

E 

Pk+2 


,a«c<c))AK 

1  a{i/t)  «»• ««  ^rrr^TT'  a“  »>+.x^>+2 

LlXtuf  4  Em  Xmhm  _  fiTJ„(ljfe+I  +  Ijt+J  ) 

Xk+l  +  Xk+2 

HT[1  4  (n(xk+i  4  Xk+2)]E' J'  +  ,  (68) 

**+l  +  ^/t+2 


LlXlrf.±L*iJWm  _  RTln{xk+l  +  Xk+2 ) 

Xk+l  +  Xk+2 


El  X|  4  Em  Xm  _ 


RT[  1  4  /n(*k+i  +  Xk+2)]  '  .  ■  ’ 

Xk+l  +  Xk+2 


(69) 


where  j,j’  £  {1,2,  •••,  h  <  fc)  but  j‘  £  y,  l,lm  €  {/i4l,  h42,  •• 

• ,k }  but  /'  ^  /;  and  m,m'  6  {fc  4  3,  k  44,  •  •  ■,  c)  but  m*  ^  m. 
After  (A(c)),  (B{c}>  or  (C{c))  has  been  calculated  by  one  set 
of  integration  and  all  have  been  calculated  by  (c  -  k  -  2) 
sets  of  differentiation,  both  /if+1  and  /if+2  can  be  calculated 
by  one  set  of  differentiation.  Only  one  set  of  integration  and 
(c  —  Jfc  —  1)  sets  of  differentiation  are  required  for  the  whole 
calculation. 
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OXYGEN  PARTIAL  PRESSURE  OF  Y-Ba-Cu-0  FROM  DIRECT  MEASUREMENTS 

F.  Faupel  and  Th.  Hehenkamp 

lnstitut  fur  Metallphysik,  Universitat  Gottingen,  3400  Gottingen,  FRG 


Abstract 

The  oxygen  partial  pressure  of  YBa2Cu306+x  was  measured  directly  as  function  of 
temperature  and  composition  under  isochoric  conditions  with  minimized  free  volume.  Since 
this  technique  does  not  require  major  diffusion  of  oxygen  for  equilibration  it  is  applicable 
down  to  T  <  200  °C .  Different  from  isobaric  measurements  the  composition  range  near  x  =  1 
is  accessible.  The  partial  enthalpy  of  oxygen  AH(x)  was  derived  from  the  data.  A  strong 
decrease  of  AH(x)  was  found  for  x  >  0.9.  Based  on  pressure-composition  isothermes  the 
thermodynamic  factor  was  calculated.  The  latter  drastically  increases  as  x  approaches  1.  The 
present  investigation  indicates  that  the  stability  of  oxygen  saturated  YBa2Cu306+x  towards 
oxygen  desorption  has  largely  been  overestimated,  particularly  at  low  temperatures. 


The  oxygen  content  of  YBa2Cu306^x  can  be  reversibly 
changed  in  the  range  0  <  x  I  (Hazen  et  a!.  1987).  The 
superconducting  properties  of  the  material  strongly 
depend  on  the  composition.  Highest  T^  values  are  obtained 
near  x  =  I  (Engler  et  al.  1987).  Therefore  knowledge  of 
the  0^  partial  pressure  as  function  of  temperature  and 
composition  is  indispensable. 

Usually  measurements  are  carried  out  at  constant 
oxygen  pressure .  and  the  composition  is  recorded  as 
function  of  temperature,  e.g.  by  means  of  thermogravime¬ 
try  (Gallagher  1987,  Musbah  and  Chang  1989).  These 
measurements  require  long  range  diffusion  of  oxygen  for 
equilibration  and  are.  therefore,  restricted  to  relatively 
high  temperatures.  In  addition,  the  most  interesting 
concentration  range  near  x  =  I  is  not  accessible. 

In  the  present  paper  we  report  Pq^Ix,  T)  values, 
which  have  been  obtained  from  direct  measurements 
under  isochoric  conditions  with  minimized  free  volume. 
This  technique  (Faupel  et  al.  1989)  avoids  the  afore¬ 
mentioned  drawbacks  of  the  isobaric  measurements.  The 
partial  enthalpy  of  oxygen  as  well  as  the  thermodynamic 
factor .  which  affects  chemical  diffusion  of  oxygen,  are 
determined  from  the  data. 

2.  -  Experimental  Procedure 

Y-Ba-Cu-0  powder  of  99  %  purity  and  Tc  =  92  K 
was  kindly  provided  by  Hoechst  company.  In  addition. 
1-2-3  material  was  prepared  by  solid  state  reaction  from 
BaCu02  and  Y2Cu205  as  described  by  Chunlin  et  al. 
(1988).  Oxygen  saturation  was  obtained  by  an  annealing 
program  in  flowing  02.  which  involves  a  final  ramp 
between  400  and  300  °C  for  SO  h.  I  he  samples  exhibited 
a  Tc  of  92  K  (midpoint)  with  a  sharp  transition  range  in 
resistivity  of  —  3  K  and  excellent  susceptibility  values. 
X-ray  measurements  showed  the  Y-Ba-Cu-0  to  be  ortho¬ 
rhombic  and  single  phase.  DTA  measurements  revealed 


the  presence  of  about  1  %  of  impurity  phases  (Faupel  et 
al.  1990).  No  significant  differences  in  the  oxygen  partial 
pressures  were  observed  between  this  powder  and  the 
Hoechst  material. 

For  the  pressure  measurements  an  Al203  crucible 
with  Y-Ba-Cu-0  powder  was  placed  within  a  furnace  in  a 
vacuum  pumped  quartz  tube  with  minimized  free  volume. 
Pressure  was  monitored  outside  the  furnace  by  a  piezo- 
resistive  gauge.  The  inner  dimensions  of  the  quartz 
tubing  were  large  enough  to  achieve  a  constant  pressure 
in  the  whole  volume  in  the  pressure  range  investigated. 
The  quartz  tube  could  optionally  be  connected  by  a 
throttle  to  a  quadrupole  mass  spectrometer  chamber  in 
order  to  analyze  the  gas  phase  (Faupel  et  al.  1989). 
Substantial  amounts  of  water  were  detected  in  most 
samples.  They  were  stored  in  dry  atmosphere,  though. 
Therefore,  the  water  was  removed  by  evacuation,  and  the 
final  oxygen  loading  was  carried  out  directly  in  the 
set-up  for  pressure  measurements.  Additionally,  remaining 
traces  of  H20  were  trapped  by  a  Peltier  cooling  unit.  A 
computer  was  used  for  data  acquisition  and  for  increasing 
the  temperature  by  steps  of  typically  35  °C  .  The  pressure 
was  allowed  to  equilibrate  after  each  step.  No  major 
diffusion  of  oxygen  was  required  for  equilibration  because 
of  the  extremely  small  free  volume.  Typical  changes  in 
composition  caused  by  oxygen  evolution  were  of  the 
order  of  Ax  =  0.01  at  I  bar  0„.  Ax  was  calculated  bv 
means  of  the  ideal  gas  law  from  the  amount  of  powder 
<7  g),  the  pressure,  and  the  free  volume.  The  latter  was 
essentially  given  by  a  dead  volume  of  about  I  ml  within 
the  furnace  around  the  Al203  crucible  and  a  dead  volume 
of  —  I  S  ml  at  room  temperature.  The  equilibrium  pressure 
of  the  samples  was  generally  reached  in  less  than  30 
min,  while  much  longer  periods  are  needed  even  at  high 
temperatures  for  any  technique  involving  major  changes 
in  composition  (Faupel  et  al  1989). 

The  oxygen  concentration  of  the  samples  was  deter¬ 
mined  by  taking  oxygen  saturated  YBa2Cu306»x  as  refer¬ 
ence  with  x  =  I.  The  oxygen  content  was  reduced  in  a 
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well  defined  way  by  evolving  a  certain  amount  of  02  into 
a  large  calibrated  volume  (66.6  ml).  The  ideal  gas  law 
was  employed  to  calculate  the  change  in  composition. 

3.  -  Results  and  Discussion 

An  Arrhenius  plot  of  log  (Pq2>  vs.  I/T  is  shown  in 
Fig.  I  for  various  values  of  x.  Here  x  refers  to  the 
original  oxygen  concentration,  x  slightly  decreases  with 
increasing  pressure  due  to  the  effect  of  the  finite  free 
volume  alluded  to  above.  This  leads  to  a  small  curvature 


Fig.  I:  Semitog.  plot  of  oxygen  p-i.  'i«*l  pressure  vs.  1/T 

for  YBa  Cu  O  with  various  values  of  x.  The  curvatures 
2  3  s>x 

at  high  pressure  originate  from  the  finite  free  volume 
(see  text). 


at  high  pressures,  which  becomes  larger  near  x  =  1. 
Straight  lines  were  fitted  to  the  data  in  the  linear  range. 
From  the  slopes  2  AH/  2.303  k  one  obtains  the  partial 
enthalpy  of  oxygen  AH<\).  It  is  depicted  in  Fig.  2  as 
function  of  composition. 

AH(x)  varies  moderately  except  near  x  =  1  where  a 
drastic  decrease  is  observed.  This  drop  of  AH(x)  close  to 
the  oxygen  saturation  content  reflects  a  pronounced  loss 
in  stability  towards  oxygen  desorption.  Further  measure¬ 
ments  are  needed  in  order  to  clarify  whether  the  change 
in  AHIx)  for  x  '  0.5  is  caused  by  the  orthorhombic-to- 
tetragonal  transformation.  The  experimental  errors  of 
AHIx)  are  conservatively  estimated  as  <  +  /-  0.08  eV. 
Literature  data  on  the  partial  enthalpy  of  oxygen  are  not 
available  in  this  technologically  most  important  range. 
To  our  knowledge.  AHIx)  has  been  determined  for  x  s 
0  ")  only  I  Strobel  et  al  1987.  Brabers  et  al.  1988.  Verweij 
et  al  1989,  Meuffels  et  al.  1989).  Values  are  centered 
around  0.8  eV.  but  also  enthalpies  as  high  as  1.15  eV 
have  been  reported  (Gallagher  1987).  Most  authors  find  a 
slight  increase  in  AHIx)  with  increasing  x. 


account.  At  high  temperatures  and  for  x  <  0.8  the  slope 
of  the  log  (Pqj)  vs.  x  lines  is  nearly  constant.  A  strong 
increase  is  observed  as  x  approaches  I,  particularly  at 
low  temperatures. 


Fig.  2:  Partial  enthalpy  for  oxygen  of  YBa2Cu3Ofc  +  x  as 
function  of  x. 


Fig  3:  Pressure-composition  isotherms  of  YBajCu^O^^^ 
between  600  and  HOO  K. 


The  driving  force  in  a  chemical  diffusion  experiment 
is  the  gradient  in  the  chemical  potential,  and  not  in  the 
concentration.  Hence,  any  concentration  dependence  of 
the  oxygen  pressure  gives  rise  to  an  enhancement  of  the 
intrinsic  diffusion  coefficient  according  to  (Manning 
1968) 


Dj  =  D* 


d  In  a0 
d  InN 


D»  l_  d  ‘npoa 
2  d  In  N 


(1  ) 


The  data  of  Fig.  1  were  used  to  calculate  isothermal 
pressure-composition  lines  (Fig.  3).  The  change  in  oxygen 
concentration  due  to  the  dead  volume  was  taken  into 


D*  is  the  oxygen  tracer  diffusivity  and  N  the  molar 
fraction  of  oxygen.  The  activity  a0  is  related  to  the 
partial  pressure: 


56 


a0  =  ( 


_£0,  ,'/2 

P°02 


(2) 


Pq2  is  the  reference  pressure.  The  right-hand  side  of 
equation  (1)  was  obtained  from  equation  (2).  It  allows  to 
calculate  the  thermodynamic  factor  <l>0  =  d  lnaQ/  d  InN 
from  the  data  shown  in  Fig.  3.  The  results  are  depicted 
in  Fig.  4.  On  notes  that  <J>0  does  not  significantly  depend 
on  temperature  and  composition  for  x  <  0.8,  In  this 
range  <60  already  causes  a  strong  enhancement  of  the 
order  of  100.  As  \  approaches  1,  <I>0  increases  drastically, 
particularly  at  low  temperatures. 
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Fig  -l  Thermody  namit  Factor  <I>o  of  vs 

oxygen  content  x  for  various  temperatures. 


l(i  summary,  it  has  been  shown  that  in  chemical 
diffusion  experiments  the  diffusivity  of  oxygen  can 
exceed  the  oxygen  tracer  diffusion  coefficient  by  several 
orders  of  magnitude  in  the  nearly  saturated  YBa2Cu300^x 
superconductor.  In  addition,  a  steep  drop  of  the  partial 
enthalpy  for  oxygen  is  observed  in  this  range  (Fig.  2). 
Apparently.  YBa2Cu3Ot,»x  close  to  x  =  1  is  much  more 
prone  to  oxygen  desorption  at  relatively  low  temperatures 
than  has  generally  been  assumed. 
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Abstract  :  Direct  reaction  calorimetry  has  been  used  to  determine  the  enthalpies  of  formation  of 
Pt3Ti,  PtTi,  PtTis,  Pt3Zr  and  PtZr2. 

Results  are  given  and  compared  to  former  literature  values. 


1  -  Introduction 

A  systematic  program  of  measurements  was 
started,  some  ten  years  ago,  in  our  laboratory  to 
determine  the  enthalpies  of  formation  of  compounds 
made  of  a  metal  from  the  titanium  column  and  a  metal 
from  the  i:  jf.  group  (Gaolion  et  al  1981).  In  addition 
to  the  industrial  interest  for  transition  metal  alloys, 
such  a  program  was  motivated  by  the  possibility  to 
build  theoretical  models  of  transition  metal  and 
transition  alloy  cohesion  based  on  d  band  and  d 
electrons. 

Our  choice  of  components,  with  a  d-  electron 
poor  metal  and  a  d-clcctron  rich  metal  allowed  us  to 
scan  a  wide  range  of  d  electron  concentrations  when 
varying  the  stoichiometries  of  compounds. 

2  -  Experimental  method 

We  mix,  in  suitable  proportions,  at  room 
temperature,  fine  powders  of  the  two  components,  and 
compress  the  mixture  in  order  to  get  small  pellets, 
(typically  50  to  200  milligrams).  These  pellets  are 
dropped  into  the  calorimeter  crucible  which  is  kept  at 
a  temperature  below  the  melting  point  of  the 
compound  but  high  enough  to  ensure  a  quick  diffusion 
of  both  metals  into  each  other.  The  most  often  we  get 
reactions  limes  of  a  few  seconds.  After  cooling  the 
calorimeter  we  check  the  products  by  X-rays  and 
electron  microprobe.  The  whole  process  of 
preparation  and  reaction  is  conducted  under  argon 
atmosphere  in  order  to  avoid  oxidation  of  the 
transition  metal  powders. 

From  a  thermodynamic  point  of  view  wc  start 
from  one  state  :  the  two  pure  metals  at  room 
temperature,  and  we  go  to  another  state  :  the 
compound  at  the  calorimeter  temperature.  The  overall 


quantity  of  heat  which  r,  measured  can  be  described  as 
the  sum  of  the  pure  metal  enthalpy  increments  between 
room  and  calorimeter  temperatures  and  of  the  enthalpy 
of  formation  at  the  calorimeter  temperature.  As 
enthalpy  increments  of  pure  metals  are  tabulated  (e.g. 
Barin  et  al,  1973,  1977)  and  checked  in  our 
calorimeter,  enthalpies  of  formation  are  found  in  a 
very  simple  manner. 

3  -  Results  and  discussion 

Table  1  gives  all  our  experimental  results  and 
compare  them  with  literature  data. 

The  first  point  to  consider  is  the  reliability  of  the 
phase  diagrams  we  used  as  a  base  for  our  study  :  for 
PtTi  two  different  ones  arc  available  : 

-  one  from  Kubaschewski  et  al  (1983) 

-  one  from  Murray  (1982) 

There  are  disagreements  between  them  on  the 
platinum  side  and  in  the  range  53  to  73  %  at.  of 
platinum.  We  selected  for  our  study  only  the  three 
compounds  that  are  not  to  badly  defined  :  Tio.75Pto.25 
(Ti3Pt),  Tio.5oPto.50  (TiPt),  and  Tio.25Pto.75  (TiPt3), 
using  stoichiometric  proportions  to  avoid  the  problem 
of  ill-defined  homogeneity  ranges. 

For  Pt  Zr  one  diagram  is  drawn  in  Elliott  (1965) 
after  a  work  by  Kendal  et  al,  another  from  Darling  et 
al  (1970)  is  nearly  the  same  except  for  solid  solubility 
of  zirconium  in  platinum.  Both  agree  on  three 
different  compounds  :  Pto.75Zro.25  (Pt3Zr), 
Pto.50Zro.50  (PtZr),  Pto.33Zro.67  (PtZr2).  Many  other 
compounds  have  been  suggested  but  never  well 
CGofo !>iCu.  E/walciiCC  Ci  Tty, j3*-»o.t>7  (PtZr2)  is 
controversial,  it  could  be  stabilised  by  oxygen 
(Kleykamp  1990).  We  studied  Pto.75Zro.25  (Pt3Zr) 
and  Pto.33Zro.67  (PtZr2)  since  Pto.50Zro.50  has  already 


been  studied  (Gachon,  1988). 

In  the  system  PtTi,  from  a  crystallographic  point 
of  view  we  found  that  Pto.75Tio.25  (Pt3Ti)  has  a 
AuCus  structure  like  indicated  in  Murray  (1982), 
while  for  Pt0.50Ti0.50  (PtTi)  we  got  a  mixture  of  CsCl 
and  orthorhombic  structures.  Murray  (1982)  reported 
an  allotropic  transformation  for  Pto.5oTio.50  (PtTi) 
with  a  high  temperature  CsCl  form  and  an 
orthorhombic  low  temperature  form  (<  1000°C),  so 
we  think  that  our  calorimetric  result  concerns  the  high 
temperature  phase  and  that  during  cooling  of  the 
calorimeter  a  partial  transformation  into  the  low 
temperature  form  occurred.  The  last  compound 
Pto.25Tio.75  (PtTi3)  was  found  cubic  ((3W)  but  with 
traces  of  another  cubic  phase,  not  reported  in  Murray 


(1982)  or  Kubaschewski  et  al  (1983),  possibly  a 
metastable  phase. 

In  the  system  PtZr  we  found  Pto.75Zro.25 
(Pt3Zr)  hexagonal  (Ni3Ti  type),  while  for  Pto.33Zro.67 
(PtZr2),  in  addition  to  the  fee  Ni  Ti2  structure,  traces 
of  another  phase  appeared  and  it  could  be 
Pto.375Zro.625  (Pl3Zr5)  as  already  proposed  by  Biswas 
and  Schubert  (1967). 

From  a  thermodynamic  point  of  view  our 
values  for  50/50  compounds  can  be  compared  to 
former  results  by  Topor  and  Kleppa  (1989)  and  there 
is  a  good  agreement  between  them,  within  the 
uncertainty  ranges.  For  the  platinum  rich  compounds, 
Meschter  and  Worrel  (1977)  found,  by  derivation  of 


TABLE  1 

EXPERIMENTAL  RESULTS  AND  LITERATURE  DATA 

Pt  Ti 


Compounds 

gsgH 

mm 

Enthalpies  of  formation 

J/mole  of  atoms 

Experiment  literature* 

Pt0.75Ti  0.25 

AuCtq 

Pt  fee 

1673 

•94000 

exp 

-85400 

(MW) 

(Pt3Ti) 

AuCu3 

Ti  bcc 

(O  =  4300) 

comp 

comp 

-70000 

-78000 

(N  et  al) 
(CPH) 

PtO.50Ti0.50 

Pt  fee 

1673 

-77100 

exp 

-79700 

(PtTi) 

See  discussion 

Ti  bcc 

exp 

-75000 

(G) 

(0  =  3100) 

comp 

-112000 

(N  el  al) 

comp 

comp 

-104000 

-94000 

EQBK 

PtO.25TiO.75 

cubic 

Pt  fee 

1473 

-59000 

comp 

-73000 

(N  et  al) 

(PtTi3) 

cubic 
+  cubic 

Ti  bcc 

(0  =  900) 

comp 

-72500 

(CPH) 

Pt  Zr 


Compounds 

m 

References 

Temperature 

(K) 

Enthalpies  of  formation 

J/mole  of  atoms 

Experiment  literature* 

PtO.75Zro.25 

(Pt3Zr) 

hexagonal 

Ni3Ti 

Pt  fee 

Zr  bcc 

1673 

-106000  exp  -113000  (MW) 

(0  =  3400)  exp  -128000  (SF) 

comp  -101000  (N  et  al) 
comp  -92000  (CPH) 

PtO.33Zro.67 

(PtZr2) 

fee  Ni  Ti2 
fee  Ni  Ti2 
+  Pt3Zr5 

Pt  fee 

Zr  bcc 

1500 

•  84000  comp  -118000  (N  et  al) 

(O  =  3500)  comp  -74000  (CPH) 

N.B.  :  50/50  compound  -  90000(G)  exp  -96000  (TK) 


(o  =  10000) 

*  literature  results  :  exp  for  experimental  determination,  comp  for  computation,  (initials)  in  br ackers  refer  to  authors. 
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emf  measurements,  results  relatively  close  to  our  own. 
For  Pto.75Zro.25  (Pt3Zr)  Srikishnan  and  Ficarola 
(1974)  gave  a  result  too  negative  but  it  was  got  by 
combustion  calorimetry  and  certainly  not  very 
accurate. 

Model  results  by  Miedema's  group  (Niessen  et 
al,  1983),  Colinet  et  al  (1985)  and  Watson  and  Bennett 
(1984)  are  of  the  same  order  of  magnitude  as 
experimental  results.  The  drawback  of  these  values  is 
that  the  experimental  variations  from  one  compound  tc 
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Abstract ■ - 


The  tellurium  rich  part  of  the  ternary  system  Ag-Nb-Te  has  been  determined  employing 
cculometric  titrations  in  the  solid  state  using  solid  silver  ionic  conductors  in  specially 
designed  galvanic  cells  with  mixtures  of  binary  niobium  tellurides  as  cathodes.  In  contrast 
to  NbS2  and  NbSe2  no  silver  intercalation  of  NbTe2  could  be  observed.  The  results,  confirmed 
by  X-ray  diffraction,  indicate  the  coexistence  of  the  binary  silver  tellurides  Ag,Te, 
Agx  „Te  and  Ag5Te3  with  NbTe..  No  ternary  compounds  could  be  found  between  25  and  400 'C. 
Finally,  the  advantages  and  limitations  of  the  coulometric  titration  technique,  regarding 
the  simultaneous  determination  of  thermodynamic  parameters  as  well  as  the  phase  diagram  with 
high  stoichiometric  resolution,  are  discussed. 


1 . -  1 ntroduct Ion 

The  aim  of  this  project  was  the  Investigation 
of  the  ternary  system  Ag-Nb-Te  by  solid  state 
electrochemical  methods  using  solid  sliver  Ionic 
conductors  In  proper  galvanic  cells.  The  title 
ternary  system  has  not  been  subject  to  any  analysis 
before,  although  binary  and  ternary  chalcogenides  of 
the  IV.,  V.  and  VI.  group  of  the  transition  metals 
are  very  Interesting  materials  due  to  their  tendency 
to  form  low  dimensional  compounds  that  might  serve  as 
cathode  mat_.  lal-  In  solid  state  batteries. 

In  the  system  silver-niobium  only  a  very  slight 
solubility  at  high  temperatures  has  been  reported 
(Kleffer  et  aj.  1363). 

Up  to  now,  four  stable  niobium  tellurides  have 
been  characterized  (Selte  and  Kjekshus  1964).  NbTe4, 
which  coexists  with  metallic  tellurium,  is  stable  up 
to  at  least  900  X.  (Bohm  and  von  Schnerlng  1985,  Bohm 
1987,  Mahy  et  al.  1984). 

NbTe2  Is  a  member  of  the  well  known  family  of 
layered  dichalcogenldes.  So  far,  no  phase  transitions 
or  phase  width  are  known.  The  layers  separated  by  van 
der  Waals  gaps  are  somewhat  buckled  due  to 
metal -metal - 1 nteract Ions  that  lead  to  the  formation 
of  Nb-triplets  (Wilson  and  Yoffe  1969.  Nb3Te4  has 
been  successfully  Intercalated  (Schollhorn  1980,  Huan 
and  Greenblatt  1987a,  1987b).  Finally,  Nb4Tes  Is  the 
b’oary  niobium  tellurlde  with  the  highest  niobium 
concentration  (Selte  and  Kjekshus  1963,  Selte  et  al. 
1966) . 

The  binary  silver-tellurium  phase  diagram  has 
been  Investigated  using  the  method  of  coulometric 
titration  between  25  °C  and  200  °C  (Sitte  and  Brunner 
1988)  The  results  confirmed  the  established  phase 
diagram  ( Kracek  et  al.  1966).  The  emf  data  of  the 
binary  system  can  be  used  as  a  basic  set  of 
information  for  comparison  with  the  Initial  results 
of  the  tellurium  rich  part  of  the  ternary  system 
Ag-Nb-Te 


could  be  found  in  the  system  Ag-Sb-Te;  similar 
ternary  compounds  are  known  for  sulfide  and  selenide 
systems.  Llimatta  and  Ibers  (1987)  reported  a  layered 
ternary  transition  metal  chalcogenide  NbNiTes. 

The  selenides  and  sulfides  of  niobium  are  well 
known  examples  of  intercalation.  The  only  known 
intercalated  tellurides  have  been  p.  chared  either  by 
Li-intercalation  In  solution  (Murphy  et  al.  1976)  or 
by  reaction  of  sliver  powder  with  the  mixed 
layer-structure  tellurlde  TiZrTe4  to  give  the 
Intercalated  compound  AgTiZrTe4  (Cybulski  and  Feltz 
1989,  Cybulski  et  al.  1989). 

Huan  and  Greenblatt  (1987a,  1987b)  reported  the 
preparation  of  Intercalated  Nl^Te,,  where  silver  is 
incorporated  by  annealing  of  stoichiometric  amounts 
of  the  elements  to  form  AgzNbBTe8. 

2.-  Coulometric  titrations  In  the  solid  state 

As  has  been  shown  by  Klukkola  and  Wagner  (1957) 
sind  Sitte  and  Weppner  (1985,  1987)  the  method  of 

"coulometric  titration"  ( "galvanostatic  intermittent 
titration  technique")  in  the  solid  state  is  a  very 
useful  tool  In  investigating  binary  and  ternary  phase 
diagrams  with  high  stoichiometric  resolution  and 
obtaining  thermodynamic  parameters  simultaneously.  Of 
course,  in  order  to  achieve  reliable  emf  data  several 
conditions  have  to  be  fulfilled.  At  least  one  of  the 
components  of  the  system  must  exhibit  high  ionic 
mobility.  An  appropriate  ionic  conductor  must  be 
employed,  which  is  stable  In  the  desired  temperature 
range.  Additionally,  the  starting  material  incor¬ 
porated  In  the  working  electrodes  must  exhibit  mixed 
conduction  and  the  compounds  of  the  galvanic  cell 
must  not  react  with  each  other  or  the  atmosphere. 

In  the  case  of  the  system  Ag-Nb-Te  the 
following  galvanic  cell  has  been  used: 

Pt | Ag | Ag*- ionic  conductor | Ag  Nb  Te  |Pt 

x  y  z 

(Ag*-lonlc  conductor  =  Agl,  RbAg4I5,  Ag-6"-Al2d3) 


In  contrast  to  sulfides  and  selenides,  only  few 
examples  of  ternary  transition  netal  tellurides  are 
known  that  might  give  an  Insight  into  structure  types 
which  could  be  expected  In  this  ternary  system.  The 
sulvanlte  type  semiconductors  (Hulllger  1961,  1968) 
exhibit  a  variety  of  compounds  such  as  Cu3NbX4  (X  = 
S,  Se,  Te).  but  no  silver  analogon  Is  known.  Ag2NbTe3 
has  been  described  by  Brlxner  (1965)  as  a 
thermoelectric  ternary  alloy  ,  but  the  author  never 
denotes  It  to  be  a  single  phase  compound.  AgSbTe2 


The  silver  concentration  of  the  sample  with  the 
nominal  composition  " AgxNbyTez"  is  varied  by  passing 
a  constant  current  pulse  through  the  sample  according 
to 
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it'  m  ,  M  ,  M  and  K  art'  the  mass  of  the 

Nt>y  Try  Nb  Tc 

starting  sample  "NbyTe/",  the  atomic  mass  of  Nb  and 
Te .  and  Taraday  1  s  eons  t  ant ,  res  pee  lively. 

A  j  ot  of  the  emf  vs  silver  concentration  is 
called  a  ‘titration  curve"  (fig.  2).  In  addition  to 
titrations  at  constant  temperatures  the  variation  of 
the  emf  with  temperature  yields  entropy  values  and 
information  on  phase  transitions  (change  of  the*  slope 
in  the  K  vs.  T  curve). 

fig.  1  shows  coulometric  titration  paths  in  the 
ternary  system  Ag-Nb-Te  with  binary  (on  the  base  line 
Nb  To )  and  ternary  starting  samplers.  According  t  o 
(iibhs*  phase  rule,  emf*  plateaus  reflect  the  existence 
of  a  three-phase  regions  (located  between  two-  or 
one-phase  regions).  The  eorrect  phase  diagram  may  be 
const ructed  from  several  titration  curves  with 
different  starting  samples. 
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Nb  NbTe?  Te 

Tig.  1  (oulometrir  titration  paths  with  binary  and 
ternary  starting  samples 

3__-  T:<t>er  i  ment  a  1 

The  starting  samples  were  prepared  by  annealing 
stoichiometric  amounts  of  tire  elements  or  binary 
precursors  at  temperatures  between  700  t*  and  1000  X* 
i  n  evacuated  silica  tubes.  The  powders  were  finely 
ground  and  pressed  into  pellets  of  bO  to  TOO  mg. 
Problems  in  preparation  wore  caused  both  by  the  easy 
sublimation  of  tellurium  and  the  slow  reaction  of 
niobium  under  t  tie  given  conditions.  Usually  the 
formation  of  t  lie  tellurium  rich  compound  was 
favoured.  In  these  eases  the  use  of  mixtures  of* 
finely  ground  single  crystals  (in  the  composition 
range  from  20  to  33,33  mo  1-/4  niobium)  proved  to  be 
very  helpful.  Single  crystals  of  NbTe4,  NbTe-.  and 
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fig. 2  Coulometric  titration  curves  for  starting 
samp  1  es  of  var  1  ous  compos  i  t  i  oris 
(A  Nb:ij . Nb2*;.(x/Ie7«;-()0. 
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The  temperature  dependence*  of  t  tie  emf  within 
the  three  phase  regions  of  the  ternary  system 
Ag-Nb-Te  is  given  In  table  1. 
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Table  1.  Temperature  dependence*  of  the  emf  of*  I  he 
galvanic  cell 

AglAg  - ionic-conductor (samp I e I T  within  the 
three  phase*  regions  of  the  ternary  system 
Ag-Nb-Te ;  K  =  a  ♦  bT 

The  refill  Its  Indicate  a  coexistence  of  the 
binary  silver  tellur  ides  Ag?Te,  Ag^  ,tTo ,  and  Ag«-Te;i 
wit  tv  NbTo4.  Addit  ionally,  Ag.,Te  coexists  with  NbTeK 
and  Nb^Tc*.  Tspecially  for  starting  samples  of  20 
mol -7.  niobium  t  tie  use  of  single  cr  ystal  NbTe4  was 
prefered  to  annealed  powder  material*;,  as  residual 
(not  reacted)  tellurium  in  the  cast*  of  powder 
materials  gave  misleading  results  indicating  a 
solubility  of  silver  in  NbTe4,  which  could  not  tie 
found  if  single  crystals  were  used  as  starting 
materials  for  coulometric  titrations.  NbTtv,  could  not 
be  intercalated  with  silver,  but  instead,  samples 
with  high  NbTe.^-eontents  decomposed  during  the 
coulometric  titrations  (tellurium  crystals  grew  on 
the  surface  of  the  Ionic  conductor,  the  platinum 
leads,  and  even  the  counter  electrode).  After  an 
amount  of  30 -SO  weight-/!  of  Ag->Te  had  been  added  to 
the  sample,  coulometric  titrations  could  be  performed 
again  with  acceptable  current  densities  (as  Ag^Te 
coexist  s  with  NbTe^.,  only  the  silver  migration  had 
been  improved  and  free  tellurium  had  been  trapped  by 
the  addition  of  Ag2Te ) .  Neither  Ag;.NbTe;?  nor 
Agj>Nbi;TeH  could  tie  found  by  coulometric  titrations  at 
t.emjH*rat  ures  up  to  iiitOT,  The  results  are  supported 
by  X-ray  etiarart  er  isat  ion.  Nb:,Te4  showed  a 
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remarkable  silver  solubility  of  approximately  4  mol-% 
silver  between  450  “C  and  530  °C,  thus  forming  a 
two-phase  region  Ag04Nb3Te1-Ag2Te.  In  fig.  3  the 
resulting  ternary  phase  diagram  Is  given  for  T=400”C. 
At  this  temperature  all  three  silver  tellurldes  are 
present.  The  regimes  of  the  eutectic  and  perltectlc 
melts  In  the  binary  system  Ag-Te  (Kracek  et  al.  1966) 
are  not  governed  by  the  present  study  and  have  to  be 
left  for  modified  experimental  setups.  The 
limitations  of  the  method  of  coulometric  titration  In 
our  case  are  mainly  given  by  the  upper  temperature 
due  to  the  melting  point  of  Agl  (555  "C)  and  the  low 
reaction  rates  In  the  niobium  rich  part  of  the 
ternary  system  (niobium  contents  higher  than  40 
mo 1 -X ) . 


Ag 


Fig. 3  The  tellurlum-rlch  part  of  the  ternary  phase 
diagram  Ag-Nb-Te  at  400 °C. 


By  use  of  the  emf  values  (see  table  1)  the 
Gibbs  energy  of  formation  of  the  coexisting  phases  of 
any  of  the  three  phase  regions  may  be  calculated  by 

3 

E  =  ( 1/Fd )  V  ( —  1 ) 1  d  A  G® ( Ag  Nb  Te  )  (2) 

L  11  r  Kl  yl  zl 

1=1 

where  A  G®,  d,  d  and  F  are  the  Gibbs  energy  of 
r  it 

formation  from  the  elements  In  their  standard  state 
(pure  elements),  the  determinant  formed  by  the 
stoichiometric  coefficients  of  the  three  coexisting 
phases,  the  minor  determinant  (derived  from  d  by 
eliminating  the  1-th  row  (stoichiometric  numbers  of 
the  electroactive  component  silver)  and  the  first 
line),  and  the  Faraday  constant,  respectively  [ 30 j . 
The  temperature  dependence  of  the  emf  values  gives 
the  values  of  the  entropy  of  formation 


(1/Fd)  V  (-l)'d  A  3®(Ag  Nb  Te  ) 
L  11  f  xl  yl  zl 

1  =1 


(3) 


whereas  the  enthalpy  of  formation  results  from  the 
Gibbs-Helmholtz  equation 


AfH®(T)  =  AfG®(T)  ♦  T.AfH®(T).  (4) 

The  activities  of  sliver  are  related  to  the  measured 
emf  by 

E  =  -  i  (ji  -  M® )  *  -  ?  In  a  ,  (5) 

F  Ag  Ag  F  Ag 

whereas  the  actlvltes  of  In  and  Sb  may  also  be 
calculated  according  to  eqn. (2)  via  the  cell  voltages 
of  hypothetical  In  and  Sb  concentration  cells  (Sltte 
and  Weppner,  1985,  1987).  As  no  literature  data 

regarding  the  thermodynamic  properties  of  the  niobium 
tellurldes  exist,  a  complete  analysis  of  the 
thermodynamic  properties  of  the  ternary  system 
Ag-Nb-Te  can  be  given  as  soon  as  e.g.  the  enthalpy  of 
formation  of  NbTe4  is  known  by  solution  calorimetry. 
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Abstract : 

An  electrode  potential  study  of 
the  liquid  Au-Pb-Pd  system  has  been 
conducted  with  the  cell 

Pb  /  Pb2+  in  LiCl+KCl  /  Pb-Pd-Au 
in  the  temperature  range  623-1200  K.  Lead 
partial  free  energy  and  activity  were 
determined  for  33  alloys.  Fifteen  of  them 
are  gathered  in  this  work.  These 
measurements  allow  us  to  give  a  part  of 
the  liquidus  surface  of  this  system. 

X  Introduction: 


In  the  course  of  the  thermodynamic 
study  carried  out  by  our  group  concerning 
ternary  metallic  systems,  we  have 

measured  by  potentiometry  the  lead 
activity  in  a  number  of  gold  -  lead  - 
palladium  liquid  alloys. 

The  thermodynamic  functions  and  the 
phase  diagram  of  this  ternary  system  have 
not  been  previously  studied,  except  for 
AuxPd1_xPb2  by  Havinga  et  al.  (1972),  by 
X-Ray  diffraction  to  determine  the  lattice 
parameters  of  the  f.c.c.  solid  solution. 

IX  Bibliographic  survey; 

II. 1.  The  gold  -  palladium  system; 

The  phase  diagram  of  this  system, 
reported  in  Fig.l  from  Okamoto  et  al. 
(1985)  is  very  simple  because  of  the 
complete  solubility  of  gold  and  palladium 
at  liquid  and  solid  states  at  the  whole 
composition.  The  liquid  curve  was 
determined  by  Ruer  (1906)  ,  and  Miane  et 

al.  (1977). 

Thermodynamic  functions  of  this 
system  were  determined  by  Bartosik  (1971) 
at  1373  K,  Schmahl  (1951)  at  956  K,  and 
Hdhn  et  al.  (1986)  at  1200K,  with  the 
solid  metals  as  reference.  The  integral 
enthalpy  of  mixing  was  determined  by  Miane 
(1979)  at  1700  K  for  the  liquid  alloys. 


11. 2,  _ The  gold  -  lead  system: 

The  phase  diagram  reported  in  Fig. 2 
is  from  Okamoto  et  al.  (1985).  The 
eutectic  point  coordinates  are  xpb=  0.848, 
Teut  =  485.5  K,  and  the  peritectic 
temperatures  are  701.1  K,  526.1  K,  494.6 
K,  corresponding  to  the  decomposition  of 
three  intermebllic  compounds  Au2Pb,  AuPb2 
and  AuPb3  respectively. 

Heats  of  mixing  of  this  system  were 
determined  by  Kleppa  (1949  and  1956)  and 
emf  measurements  were  carried  out  by  Hager 
et  al.  (1969),  by  Kameda  et  al.  (1975)  and 
by  Rebouillon  (1989).  There  is  a  serious 
desagreement  among  these  authors  about  the 
heats  of  mixing. 

11. 3.  _ The  lead-palladium  system: 

There  are  four  intermetal  lie 
compounds  reported  from  Hultgren's  et  al. 
phase  diagram  in  Fig. 3:  Pb2Pd,  PbPd3  with 
congruent  melting  points  at  727  K  and  1493 
K  respectively;  the  peritectic 
decomposition  of  PbPd  and  Pb2Pd3  are  at 
768  K  and  1103  K. 

The  thermodynamic  functions  of  this 
system  were  determined  by  Sommer  et  al . 
(1978).  Their  lead  activity  values 
(determined  by  the  effusion  method)  were 
in  good  agreement  with  those  of 
Schwertfeger  (1966)  (potentiometry). 

In  this  work,  we  report  experimental 
values  of  lead  activity  in  some  Au-Pb,  Pb¬ 
Pd,  and  Au-Pb-Pd  alloys. 

IllJmeory; 

The  formation  of  a  binary  or 
(ternary)  alloy  by  a  reaction  of  the  type: 

Pb+  PbxAUy  - >  Pb(i+x)Auy 

may  be  investigated  by  a  concentration 
cell  represented  schematically  by  Pb/  Pb2+ 
in  molten  LiCl-KCl  /  Pb  in  Au,  Pb,  or  Au- 
Pd.  Electric  conduction  across  the  phase 
boundaries  metal/electrolyte  is  due  to  the 
transition  of  Pb2+  ions  as  the  active 
charge  carriers,  exclusively,  because  this 
metal  is  more  electropositive  than  gold 
and  palladium;  in  effect,  the  standard 
electrode  potentials  in  molten  LiCl+KCl  at 
723  K,  measured  by  Laitinen  et  al .  (1958) 
are : 

Au ( I ) -Au ( 0 )  =  +0.205  V 
Pd(II)-Pd(0)  =  -0.214  V 
Pb( II ) -Pb( 0 )  =  -1.10  V 

From  the  knowledge  of  the  emf  value 
(E)  at  temperature  T,  the  partial  free 
energy  and  activity  of  lead  in  an  alloy 
may  be  calculated  by  the  following 
equation : 

-zFE 


ZXmix  GPb=  RT  1°  aPb 


6-1 


The  partial  entropy  and  enthalpy  of 
mixing  of  lead  can  be  deduced  from  the 
potential  variation  versus  temperature. 

IV  Experimental: 

IV. 1.  Apparatus; 

The  experimental  cell  was  described 
previously  by  Girard  et  al.  (1980),  and 
reported  in  Fig. 4.  The  large  external 
crucible  (I),  the  lead  wire  sheath  (D), 
and  the  thermocouple  sheath  (E)  are  in 
pure  alumina.  The  pure  lead  alloys  are 
also  contained  in  pure  alumina  crucibles 
(A).  The  electrode  crucibles  are  wedged  in 
place  on  the  bottom  of  the  crucible  (I)  by 
several  alumina  tubes  (C).  Each  cell 
contains  ten  electrodes;  three  with  pure 
lead,  and  the  others  with  alloys.  The 
tungsten  lead  wires  (D)  for  the  electrodes 
and  Pt-Pt  10%  Rh  thermocouple  (E)  are 
aligned  by  two  covers  (G  and  H)  .  In  the 
cover  (G),  suitable  fittings  permit  a 
flowing  argon. 

The  cell  is  heated  by  a  cylindrical 
vertical  furnace  with  two  kanthal 
resistors;  one  of  them  is  connected  to  an 
a-c  supply,  and  the  other  to  an  electric 
regulator . 

A  more  uniform  temperature  distribution  is 
obtained  by  enclosing  the  cell  inside  the 
furnace  within  a  concentric  refractory 
steel  cylinder  (K)  which  also  acts  as  an 
electric  shield. 

Emf  values  are  measured  with  a 
digital  scanner  mi 11 ivoltmeter  (Prema 
6000)  with  a  large  input  impedance  (10  +  12 
ohms )  . 

A  program  which  has  been  described  by 
Rebouillon  (1989)  allows  the  automation 
registration  of  data. 

IV. 2.  Materiels : 

99.9999  at.%  gold  and  pallladium  were 
provided  by  "La  Compagnie  Frangaise  des 
Metaux  Pr6cieux" ,  and  99.999  at.%  lead  was 
a  Prolabo.Soc  .  Product. 

Lithium,  potassium  and  lead  chlorides 
were  analytical  grade  salts  (Carlo  E^ba 
and  Koch-Light).  The  “lert- rolytie  salt  was 
prepared  by  purging  with  gaseous  chlorine 
from  Messer  Griesheim  Comp. 

The  cell  was  supplied  with  pure  argon 
(grade  U-Air  liquid  Company). 

The  molten  electrolyte  had  to  be 
carefully  prepared  to  avoid  considerable 
problems  in  experiments.  The  eutectic 
mixtures  of  lithium  and  potassium 
chlorides  (44.2  weight  percent  LiCl;  Tfus= 
623  K)  was  dried  at  523  K  for  24  hours 
under  dynamic  vacuum.  After  heating  at  650 
K,  !  weight  percent  lead  chlorine  (  kept 
under  vacuum  )  was  added.  The  decanted 
mixture  of  salts  was  also  kept  under 
gaseous  chlorine  (99.8%)  for  30  minutes  to 


improve  the  electrolytic  preparation,  and 
then  transferred  to  the  experimental  cell 
after  putting  the  metals  in  the  crucibles. 

The  cell  is  heated  up  to  about  1200  K 
and  held  for  two  hours  at  this  temperature 
to  stabilize.  Potentials  are  then  measured 
at  intervals  of  about  50  K  after 
stabilization  of  the  cell. 

IV- 4. _ Accuracy: 

During  experiments,  we  took  the 
following  precautions  :  -  attainment  of 
equilibrium  by  alloys  after  each  change  in 
temperature  was  verified  by  observing  the 
course  of  emf  over  a  period  of  time  -  The 
emf  between  two  reference  electrodes  was 
always  lower  than  10-4  v  at  each 
temperature. 

Since  lead  vapor  pressure  becomes 
important  above  1000  K  (p=  1.65. 10-5  Atm), 
all  measurements  were  repeated  on  the  next 
day  to  check  that  measured  voltages  were 
constant  for  each  composition. 

Au-Pb,  Pb-Pd  alloys  were  studied  in 
the  same  cells  as  ternary  alloys.  The 
results  were  compared  with  the  published 
data  to  verify  the  smooth  working  of  the 
cells . 

v  Experimental  results  and 
discussion: 

va--.....Limi.t..ing  binary.,  systems : 

-  Au-Pb  system: 


The  three  alloys  xpb  =  0.10, 


0.30, 

0.50  were  studied.  In 

Table 

1  we 

compared 

our  lead 

activities 

values 

with 

those 

reported  by 

Hager  (1969)  and  by 

Rebouillon  (1989), 

measured 

by  the 

same 

method 

at 

1200  K. 

The  results  are  in 

good 

agreement , 

,  because  the 

maximum 

of 

deviation 

between 

our  values 

and  Hager's 

( 1969) 

is 

about  5%. 

Table 

1: 

Activities  of _ lead  in 

Au-Pb 

liquid 

alloys: 

xPb 

aPb  /*/ 

aPb  /**/ 

apb  /*** 

/ 

0.10 

0.030 

0.032 

0.037 

0.20 

0.105 

0.093 

0.30 

0.176 

0.197 

0.176 

0.40 

0.261 

0.281 

0.50 

0.410 

0 . 400 

0.400 

0.60 

0.524 

0.512 

0.70 

0.623 

0.628 

0.80 

0.766 

0.753 

0.90 

0.883 

0 . 889 

*  This  work, 

**  Rebouillon  (1989), 

***  Hager  (  1969 )  . 

-  Pb-Pd  system: 

For  the  six  lead-palladium  alloys 
studied,  (xPd  =  0.10,  0.20,  0.30,  0.40, 

0.50,  0.60),  we  present  the  variation  of 

potential  versus  temperature  (see  Fig.  5). 
The  linear  dependance  corresponds  to 
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liquid  homeogeneous  state,  and  the  broken 
line  for  xPd  =  0.60  and  xPd  =  n  50,  c.-*-  T 
=  1100  K  and  T  =  900  K  respectively  are 
the  limits  of  the  liquid  curve  for  these 
compositions  in  the  phase  diagram  (Fig.3). 

In  Table  2,  ■  and  Fig.  5,  we  have 
compared  the  lead  activities  measured  by 
Schwertferger  at  1273  K  by  potentiometry , 
and  also  measured  by  Sommer  et  al.  (1978) 
by  the  effusion  method.  The  lead  activity 
in  this  binary  system  presents  a  large 
negative  deviation  from  the  Raoult's  law, 
and  our  values  tally  with  those  of  the 
precedent  authors. 


labia _ 2;  Activities  of  lead _ in  Pb-Pd 

liquid  alloys: 


xPb 

0.90 

0.80 

0.74 

0.70 

0.60 

0.50 

0.40 


aPb  /*/ 
0.88 
0.72 

0.58 

0.39 

0.19 

0.04 


aPb  /**/ 

0.89 

0.7 

0.77 

0.553 

0.42 

0.27 

0.04 


apb  /***/ 


0 . 41 
0.22 
0.04 


*  This  work, 

**  Sommer  (1978), 

***  Schwertfeger  (1966). 


The  measurements  concerning  the  Au-Pb 
and  Pb-Pd  systems  let  us  expect  to  have 
access  easely  to  the  lead  partial  mixing 
functions  of  lead  in  the  ternary  Au-Pb-Pd. 

-  Au-Pb-Pd  system: 

We  have  studied  fifteen  ternary 
alloys  with  compositions  as  reported  in 
Fig.  7-10. 

The  high  temperature  of  Au-Pd  liquid 
curve  (Fig.  2)  limited  our  investigation 
to  the  lead  rich  composition. 

For  the  fifteen  alloys,  we  have 
reported  in  table  3  the  least  squares 
regression  coefficients  E(mV)=  a+bT  (K). 
These  coefficients  are  only  available 
above  the  temperature  indicated  for  number 
of  alloys.  In  effect,  we  have  obtained  a 
few  points  of  the  liquidus  of  the  ternary 
system  Au-Pb-Pd  by  the  break  on  E=f(T) 
graphs.  In  Fig. 8  ,9  and  10,  the  potentials 
versus  temperature  are  drawn  for  fifteen 
alloys  with  compositions: 


xAu/xPd  =  4/1; 

0.60;  0.70; 

xPb  = 

0.30; 

0.40; 

0.50; 

xAu/xPd  =  1/1' 

0.60;  0.70; 

xPb  = 

o 

c*i 

O 

o 

o 

o 

in 

o 

xAu/xPd  =  1/4  ' 

0.60;  0.70; 

:  Xpb  = 

0.30; 

o 

o 

0.50; 

slope  in  the  curve  appears  at  1030  K  and 
900  K  respectively  which  corresponds  to  a 
two  phase  equilibrium.  The  liquidus 
temperatures  determined  in  this  way  are 
shown  in  Fig. 11. 

For  all  the  alloys  studied,  we  have 
calculated  the  lead  activity  at  1200  K; 
corresponding  values  are  reported  in  Table 
3,  and  Fig. 12  gives  the  general  shape  of 
the  AGmix  function  over  the  whole 
concentration  range.  The  integral 
thermodynamic  functions  have  been 
calculated  by  a  thermodynamic  model  (Hoch- 
Arpshofen  model  (1984))  and  will  be 
published  elsewhere. 


Table  3;  Regression  coefficients 
E(mV)  =  ..a+bT(K)  and  lead  activities 
for  15  Au-Pb-Pd  liquid  alloys 


a 

xAu/xPd“l/4 

b 

aPb 

Tliq 

Xpb=0.40  52.73 

0.064 

0.08 

1000  K 

xpb=0.50  20.18 

0.043 

0.24 

Xpb=0.60  11.69 

0.027 

0.42 

xPb=0 *  7°  5.87 

0.015 

0.62 

Xpb=°.80  1.87 

0.009 

0.80 

xAu/xPd=1/! 

Xpb=0.30  78.82 

0.073 

0.04 

820  K 

Xpb=0.40  33.18 

0.055 

0.14 

Xpb=0.50  11.56 

0.051 

0.29 

Xpb=°-60  9.59 

0.025 

0.46 

xPb=0 • 70  3.69 

xAu/xPd=4/! 

0.017 

0.62 

Xpb=0.30  28,58 

0.068 

0.12 

900  K 

Xpb=0.40  13.41 

0.047 

0.26 

Xpb=0.50  9.98 

0.036 

0.35 

Xpb=0.60  7.15 

0.024 

0.49 

XPb=0.70  5.55 

VI  Conclusion; 

0.015 

0.63 

The  activities  of  lead  measured  in 
fifteen  Au-Pb-Pd  alloys  between  623  and 
1200  K  allowed  us  to  propose  the  partial 
free  enthalpy  of  mixing  of  lead.  A  number 
of  points  of  the  liquidus  surface  of  the 
ternary  system  has  been  determined  from 
the  change  of  slope  of  E  vs.  T  curves. 
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Abstract 

In  order  to  calculate  the  thermodynamic  equilibrium  of  a  system  one  must 
have  a  mathematical  model  how  the  thermodynamic  functions  for  each 
phase  depend  on  temperature,  pressure  and  composition.  These  types  of 
models  are  useful  for  extrapolations  to  higher  order  systems  or  to  higher 
temperatures  where  there  are  no  data  available.  Thus  these  models  may  be 
called  "models  for  extrapolation"  in  order  to  avoid  confusion  with  models 
based  on  fundamental  physical  properties,  like  the  electronic  behaviour, 
which  could  be  called  "models  for  estimation”.  This  paper  will  only  discuss 
models  for  extrapolations  which  are  useful  for  phase  diagram  calculations. 


Introduction 


The  development  of  fast  electronic  computers  have 
given  a  new  dimension  to  the  use  of  thermodynamic 
data.  In  the  pre-computer  age  it  was  a  tedious  task  to 
compute  even  very  simple  equilibria  when  solution 
phases  were  involved  because  it  requires  an  iterative 
technique  in  order  to  solve  nonlinear  systems  of 
equations.  When  restricted  to  pen  and  paper  and 
maybe  a  mechanical  multiplication  machine  it  was 
necessary  to  introduce  many  simplification  in  the 
treatment  of  thermodynamic  data.  As  many  practical 
methods  to  solve  problems  involving  thermodynamics 
were  developed  in  the  pen  and  paper  times,  these 
methods  are  still  persisting  and  have  a  major  influence 
on  the  teaching  of  thermodynamics  today. 

Some  simplifications  introduced  in  solving 
thermodynamic  problems  by  pen  and  paper  are  still 
useful  today.  But  sometimes  these  simplifications  may 
be  a  problem  because  they  tend  to  obscure  the  basic 
thermodynamic  principles  and  instead  keep  the  student 
busy  with  trivial  tasks  as  changing  reference  states  for 
the  data.  When  most  undergraduates  have  daily  access 
to  computers  it  is  important  to  start  to  introduce 
thermodynamic  methods  that  make  use  of  such 
facilities. 

Basic  Thermodynamic  relations 

We  need  only  very  simple  thermodynamics  in  order  to 
describe  the  models.  As  most  thermodynamic  data 
measured  at  known  temperature,  pressure  a:.d 
composition  it  is  convenient  to  chose  the 
thermodynamic  function  known  as  Gibbs  energy, 
denoted  G,  as  the  basic  modelling  function.  Jf  the  Gibbs 
energy  is  known  one  may  derive  other  quantities  from 
this  in  the  following  way 

Entropy:  S  =  - (dG/0T)p  ■1 

Enthalpy:  H  -  G  +  TS  .2 


Volume:  V  =  (9G/dP)T  ■ -3 

Heat  capacity  Cp  =  -  TQ’G/e/P’lp  ...4 

Thermal  expansivity:  a  =  — (^G/dPdT)  ...5 

v  1 

Isothermal  compressibility:  K  =  -  — (d2G/dP2)T  -  .6 


The  quantities  introduced  above  are  valid  for  all 
thermodynamic  systems.  If  the  system  may  vary  in 
composition  the  composition  must  be  constant.  In 
solutions  one  may  additionally  define 

Partial  Gibbs  energy  for  component  i:  G±  =  dG/dbT  ...7 

where  fT  is  the  amount  in  moles  of  component  i. 

In  modelling  we  will  use  the  Gibbs  energy  per  formula 
unit, 

Gm  _  -  ...8 

M 

where  M  is  the  total  number  of  possible  sites  for 
constituents  in  the  phase. 

In  modelling  the  thermodynamic  properties  of  a  system 
one  must  of  course  model  each  phase  in  the  system 
separately.  The  properties  of  the  system  at  equilibrium 
is  then  a  function  of  the  properties  of  the  individual 
phases  if  surface  effects  can  be  negelected. 

Models  for  phases  with  fixed  composition 

In  real  systems  there  are  no  phases  which  cannot  vary 
in  composition  and  in  semiconductor  system  even  very 
minute  composition  variations  can  be  crucial  for  the 
properties.  However,  in  many  cases  small  variations 
can  be  ignored  for  simplicity.  A  phase  that  cannot  vary 
in  composition  will  have  its  Gibbs  energy  described  as  a 
function  of  temperature  and  pressure  only. 
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Data  for  pure  elements  and  compounds  with  fixed 
stoichiometry  are  the  most  readily  available  for 
modelling.  As  the  amount  of  experimental  information 
from  measurements  at  constant  pressure  is  much  more 
abundant  compared  to  that  at  constant  volume  it  is 
reasonable  to  concentrate  on  models  describing  the 
data  as  functions  of  temperature  and  pressure. 

In  tables  with  data  for  compounds  as  in  the  book  by 
Barin  and  Knacke  (1973),  the  important 
thermodynamic  quantities  like  C  ,  H(T)  -  H(298),  S  and 
G  are  usually  tabulated  at  given  temperature  intervals. 
In  addition  the  values  of  AH298  and  S298  are  given.  By 
convention  H298  for  the  elements  in  their  stable  state  at 
298.15  K  and  1  bar  is  assumed  to  be  zero.  The  use  of 
this  reference  for  data  is  called  Stable  Element 
Reference  and  denoted  SER. 

The  tabulated  data  can  be  expressed  as  a  function  the 
temperature  in  different  ways.  Sometimes  the  values  of 
AH298,  S298  are  given  together  with  an  expression  of 
the  Cp  as  a  function  of  temperature  from  298.15  K  and 
up.  A  typical  temperature  dependence  of  Cp  is  shown  in 
Fig.  1,  which  is  for  fcc-Cu.  From  the  Cp  and  the  other 
quantities  it  is  possible  to  obtain  all  other 
thermochemical  quantities  because  one  may  integrate 
the  Cp  function  to  a  Gibbs  energy  function 

Gm  -  la.Hf  *  =  AH298  -  TS298  +  J Cpdr  -  Tj^dx  ...9 

1  298  298  T 

where  is  the  stoichiometric  factor  for  element  i  in  the 
compound.  For  equilibrium  calculations  it  is  necessary 
to  use  data  in  the  form  of  a  Gibbs  energy  function  in 
order  to  find  the  equilibrium.  Another  fact  which 
supports  the  use  of  Gibbs  energy  is  that  for  solutions, 
alloys  and  other  mixtures,  the  Gibbs  energy  is  the 
dominating  quantity  used  for  representing 
experimental  information. 
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Fig.  1.  The  heat  capacity  at  constant  pressure, 
Cp,  for  fcc-Cu. 


One  may  in  some  cases  have  to  use  the  Helmholtz 
energy  because  it  has  the  advantage  that  it  can  be  used 
to  calculate  the  critical  point  in  gas/liquid  equilibria.  Of 
course  it  is  always  possible  to  compute  the  value  of  the 
Helmholtz  energy  using  any  representation  of  the 
temperature  and  pressure  dependence.  But  one  must 
realize  that  only  in  exceptional  cases  one  may  find  a 
closed  expression  for  the  Helmholtz  energy  when 
starting  from  the  Gibbs  energy  and  vice  versa. 

Model  for  temperature  dependence 

The  natural  approach  is  to  use  a  power  series  of  T, 
including  positive  and  negative  integers  as  exponents, 
as  a  representation  of  the  temperature  dependence  of 
the  Gibbs  energy  of  a  compound.  However,  some 
temperature  dependencies  can  be  derived  from  a 
theoretical  basis  also. 

In  the  present  case  one  is  only  interested  in 
temperatures  above  298.15  K  and  this  will  in  many 
cases  be  above  the  Debye  temperature  for  most 
compounds.  Thus  there  will  be  no  explicit  modelling  of 
low  temperature  heat  capacities  included  in  the  Gibbs 
energy  function.  The  low  temperature  heat  capacity  can 
be  sufficiently  well  modelled  by  including  terms  with 
negative  powers  of  T.  The  first  T_1  term  can  be  related 
to  the  Debye  temperature  of  the  compound. 

The  heat  capacity  calculated  from  an  expression  for  the 
Gibbs  energy  is  given  by  eq.  4.  Form  this  equation  one 
finds  that  a  temperature  independent  heat  capacity 
would  have  the  temperature  dependence  T*ln(T)  in  the 
Gibbs  energy  expression.  As  there  are  theoretical  as 
well  as  experimental  support  for  a  temperature 
independent  heat  capacity  at  high  temperatures  one 
should  include  such  a  term  in  the  Gibbs  energy 
expression. 

Non-integral  powers  have  sometimes  been  used  in  the 
assessment  of  the  temperature  dependence  of  the  Gibbs 
energy  or  heat  capacity  of  compounds.  As  such  powers 
have  no  support  from  physical  interpretations  of  the 
heat  capacity  they  should  not  be  used.  From  these 
simple  arguments  the  following  formula  should  be 
recommended 

Gm  =  I  a/T*  +  bTlnT  ...10 

i 

In  geochemistry  one  is  interested  to  extrapolate  to  very 
high  temperatures  and  thus  geologists  have  a  tendency 
to  use  mainly  negative  powers  of  T  in  eq.  10. 

Temperature  intervals 

In  the  literature  one  often  finds  the  following 
representation  of  the  heat  capacity  of  elements  and 
compounds 

Cp  =  a  +  bT  +  cT2  +  dT'2 

This  can  usually  be  applied  in  a  limited  temperature 
range  only  and  instead  of  increasing  the  number  of 
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coefficients  one  has  used  the  same  four  coefficient 
expression  but  with  different  coefficients  in  two  or  more 
temperature  regions.  In  such  cases  both  the  beat 
capacity  and  its  derivative  has  been  forced  to  be 
continuous  at  the  break  temperature.  Except  for  cases 
when  there  are  theoretical  support  for  such  temperature 
intervals  they  should  not  be  used. 

Second  order  transitions 

A  number  of  elements  and  compounds  show  second 
order  transitions  which  can  be  due  to  magnetic 
ordering  or  other  internal  changes.  At  the  magnetic 
transition  temperature  the  heat  capacity  should 
become  infinite  and  it  would  be  impossible  to  represent 
the  heat  capacity  in  the  vicinity  of  the  critical  point 
with  eq.  10  unless  many  coefficients  and  maybe  also 
temperature  intervals  were  used.  In  such  cases  it  is 
recommended  that  the  contribution  to  the  Gibbs  energy 
due  to  the  second  order  transition  is  modelled 
separately  and  added  to  eq.  10. 

Eq.  10  can  then  be  considered  to  be  valid  for  a 
hypothetical  element  or  compound  that  does  not  show 
the  second  order  transition.  For  the  magnetic  transition 
the  following  model  has  been  suggested  by  Inden  (1975) 
and  later  modified  by  Hillert  and  Jarl  (1'78) 

G*°=RT/(x)ln(3+l),  x=T/Tc  ...11 

for  x  <  1 

79x_1  474  1  x3  x9  x15 

fix)  =  1  -  [ - +  — i-  -  1)(-  + - + - )1/A 

140p  497  p  6  135  600  .12 

and  for  x  >  1 

X-5  T-1S  x-25 

f(x)  =  -  (—  + - + - )/A 

10  315  1600 

518  11692  1 

where  A  =  ( - )  +  ( - )[(-)- 1)  ...13 

1125  15975  p 

and  p  depends  on  the  structure.  For  the  bcc  structure  p 
is  0.4  and  for  the  fee  structure  it  is  0.28.  Tc  and  3  must 
be  fitted  to  the  experimental  transition  temperature 
and  Bohr  magneton  number  respectively. 

The  total  Gibbs  energy  for  an  element  or  compound 
with  a  second  order  transition  is  thus 

G  -Gp  +  O? 

tn  m  m 

where  G*yp  is  described  by  eq.  10.  In  Fig.  2  the  Cp  for  Fe 
is  shown  for  the  stable  modifications.  The  large  effect  of 
the  ferromagnetic  transition  in  bcc-Fe  is  clearly 
evident.  When  these  values  are  integrated  to  a  Gibbs 
energy  one  can  obtain  the  curves  in  Fig.  3  which  shows 
the  value  of  the  Gibbs  energy  relative  to  bcc-Fe 
extrapolated  also  into  the  metastable  ranges.  These 
curves  are  much  more  smooth  but  effect  of  the  magnetic 
transition  is  shown  by  the  increasing  stability  of  bcc-Fe 
at  lower  temperatures. 


Fig.  2.  The  heat  capacity  at  constant  pressure,  Cc, 
for  the  stable  modifications  of  Fe  showing  the  stong 
effect  of  the  magnetic  ordering  on  the  bcc  phase. 


Fig.  3.  Each  curve  represent  the  difference  in  Gibbs 
energy  for  the  different  modifications  of  pure  Fe 
relative  to  bcc-Fe  at  a  function  of  temperature.  The  curve 
with  the  lowest  value  at  each  temperature  represent  the 
stable  modification. 


Metastable  extrapolations 

In  many  cases  it  is  interesting  to  know  the  properties  of 
a  compound  or  phase  outside  its  range  of  stability  in 
temperature,  pressure  or  composition.  In  particular  for 
the  case  of  solution  phase  modelling  described  later  it 
will  turn  out  to  be  very  important  to  estimate  the  Gibbs 
energy  of  elements  and  compounds  outside  their  stable 
ranges. 
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The  most  important  of  this  is  extrapolation  of  the  liquid 
phase  below  and  the  solid  phase  above  the  melting 
temperature.  In  this  case  one  cannot  use  any 
experimental  data  but  must  use  some  assumption.  In 
the  development  of  a  general  solution  database  the 
Scientific  Group  Thermodata  Europe  (SGTE)  (Ansara 
and  Sundman,  1987)  has  employed  the  method  that  the 
heat  capacity  of  the  solid  phases  above  the  melting  point 
should  approach  that  for  the  liquid  phase  and  the  liquid 
phase  below  the  melting  point  should  approacn  that  of 
the  solid  phase.  This  is  a  very  crude  method  and  it 
should  only  be  used  whenever  one  cannot  find  a  better 
method.  One  advantage  is  that  this  method  avoids  the 
problem  that  the  solid  phases  may  become  stable  when 
extrapolating  to  very  high  temperatures.  But  this 
model  cannot  be  used  for  the  glass  transition. 

The  extrapolation  of  data  for  a  phase  that  is  stable  at 
least  within  a  limited  temperature  range  can  thus  be 
made  with  more  or  less  crude  methods.  However,  in 
solution  modeling  one  is  interested  in  the 
thermodynamic  properties  of  pure  Chromium  with  an 
fee  lattice  for  example.  This  has  never  been  found  in 
nature  and  thus  such  properties  must  be  estimated  by 
various  methods  and  models  (Sauders  et  al  1988; 
Kaufman  and  Bernstein,  1979).  A  recent 
recommendation  of  data  for  stable  and  metastable 
modifications  of  the  elements  have  been  compiled  by 
Dinsdale  ( 1989). 

Model  for  pressure  dependence 

The  pressure  dependent  properties  like  volume  and 
thermal  expansivity  is  often  ignored  in  thermodynamic 
models.  It  is  important  only  at  very  high  pressures.  For 
the  gas  phase,  except  close  to  the  critical  point  or  the 
boiling  point,  it  is  sufficient  to  describe  the  pressure 
dependence  by  one  term,  RTln(P/P0).  For  the  condensed 
phases  a  model  suggested  by  Murnaghan  (1944)  can  be 
useful. 

The  isothermal  compressibility,  k.  is  related  to  the 
Gibbs  energy  through  eq.  6  and  the  thermal 
expansivity,  ot,  through  eq.  5.  From  this  one  can  obtain 
the  pressure  dependent  part  of  the  Gibbs  energy  by 
integration,  if  a  is  pressure  independent 
T  P  P 

Gy(T,P)  =  Vnexp  Ja(T)dT  J exp  j -icdP  dP  ...14 

■  298  Jo  U 

Here  V0  is  the  volume  at  298  K  and  zero  pressure.  The 
pressure  dependence  for  condensed  phases  are 
important  only  for  pressures  of  several  kbar  and  thus 
the  lower  integration  limit  can  be  set  to  zero  rather 
than  1  bar.  In  the  Murnaghan  model  one  assumes  that 
the  bulk  modulus  can  be  expressed  by  a  linear  pressure 
dependence.  As  the  compressibility  is  the  inverse  of  the 
hulk  modulus  we  have 
1/n 

toT.P)  = - - -  ...15 

B,(T)/n  +  P 

where  B,,(T)  is  the  bulk  modulus  at  zero  pressure  and  n 
is  a  constant  independent  of  temperature  and  pressure. 
Experimentally  n  is  found  to  be  about  4  in  many  cases. 


The  thermal  expansivity  can  usually  be  described  a«  a 
power  series  in  temperature  and  in  order  to  make 
reasonable  extrapolations  from  low  temperature,  where 
most  measurements  are  made,  one  should  use  an 
expression 

a  =  a0  +  otjT  +  a2T"2  ...16 

and  avoid  higher  powers  than  one.  This  model  was  used 
in  a  recent  assessment  of  pure  iron  (Fernandez 
Guillermet  and  Gustafson)  and  in  Fig.  4  the  phase 
diagram  for  iron  is  shown  for  varying  temperatures  and 
pressures.  A  great  advantage  with  the  Murnaghan 
model  is  that  it  can  be  inverted  so  that  the  pressure  is 
expressed  as  a  function  of  volume.  This  means  that  the 
same  parameters  can  be  used  for  a  Helmholtz  energy 
expression  as  well  as  a  Gibbs  energy  expression.  At  very 
high  pressures,  for  example  in  the  core  of  the  earth,  the 
Murnaghan  model  may  have  to  be  augmented  with 
several  pressure  terms.  However,  one  then  looses  the 
possibility  to  invert  the  model. 
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Fig.  4.  The  phase  diagram  for  pure  Fe. 


Models  for  composition  dependence 

Most  real  systems  contain  one  or  more  solution  phases 
or  mixtures.  In  a  solution  phase  the  composition  may 
change,  possibly  restricted  by  some  stoichiometric 
constraints.  Each  solution  phase  in  a  system  must  be 
modelled  separately  as  well  as  each  compound.  As  most 
solid  solution  phases  are  stable  only  within  a  limited 
composition  range  it  is  often  necessary  to  make 
assumptions  of  the  properties  of  some  components  of  the 
phase  outside  its  range  of  stability  in  order  to  assess  the 
data  for  the  phase. 

In  most  cases  models  of  the  composition  dependence  is 
based  on  the  mole  fraction  of  the  constituents  as 
composition  variable.  However,  in  some  cases  other 
variables  have  been  introduced  in  order  to  obtain 
simpler  expression  for  the  Gibbs  energy  model.  For 
example  when  modelling  chemical  order/disorder  one 
may  use  a  variable  describing  the  degree  of  order  or  one 
may  use  the  fraction  of  lattice  sites  occupied  hy  each 
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type  of  atom.  In  models  for  ordering  the  fraction  of 
bonds  or  "clusters"  are  sometimes  used  as  independent 
variables.  Another  example  are  the  models  used  for 
organic  liquids  where  a  quantity  related  to  the  molar 
volume  of  the  constituents  are  used. 

In  Fig.  5  a  survey  of  models  used  for  describing 
composition  dependence  is  shown  giving  some  idea  of 
the  relation  between  them.  The  basic  model  is  the  ideal 
and  the  term  ideal  should  be  reserved  for  the  case  when 
the  constituents  are  real  stable  species  like  H2,  C02 
etc.  in  a  gas  or  H20  and  OH'  in  a  liquid.  If  some 
fictitious  species  are  added,  the  existence  of  which  are 
not  certain,  these  new  species  are  a  modelling  aid  and 
therefore  the  model  is  no  longer  ideal.  In  chemistry  this 
is  called  a  complex  model  if  all  species  are 
non-interacting. 

In  order  to  describe  miscibiF.ty  gaps  one  must  use  a 
model  which  take  into  account  the  interaction  between 
the  elements.  Such  interaction  terms  are  called  excess 
Gibbs  energy  terms.  There  are  many  different  such 
excess  models  suggested  but  tor  otnary  systems  they 
are  all  identical.  For  a  ternary  system  they  may  give 
different  extrapolations. 

If  the  interactive  energy  is  negative,  i.e.  attractive,  is 
possible  to  add  fictitious  species  or  "clusters"  with  or 
without  a  modification  of  the  random  mixing  entropy 
expression.  If  the  interaction  parameter  very  negative 
it  is  probably  a  bad  assumption  that  the  constituents 

mix  randomly.  However,  the  fictitious  species  can  be 
introduced  in  manv  different  ways  and  there  are 
several  models  making  use  of  this  method  in  order  to 
describe  ordering  in  crystalline  phases  and  liquids. 

A  different  method  to  modify  the  entropy  of  mixing  is  to 
take  into  account  the  existence  of  sublattices  in 
crystalline  phases.  In  each  sublattice  the  entropy 
expression  is  assumed  to  be  random.  This  model  have 
successfully  been  used  to  describe  interstitial  solutions 
and  intermetallic  compounds  with  sites  of  different 
coordination  number. 

The  essential  property  of  the  models  is  the  ability  to 
describe  experimental  information  and  allow 
extrapolations  from  these  data.  Thus  the  assessment  of 
experimental  data  is  crucial  and  in  Fig.  6,  from  the 
Thesis  by  A.  Fernandez  Guillermet  (1988),  the  normal 
assessment  procedure  is  described. 

A  question  commonly  asked  by  those  who  are  learning 
to  do  assessment  work  is  when  one  can  decide  that  the 
assessment  is  finished.  Actually  there  are  no  finished 
assessments,  all  results  presented  from  assessments 
represent  the  result  when  the  assessor  had  to  give  up, 
either  from  lack  of  funding  or  interest. 

Ideal  solutions 

The  simplest  description  of  a  solution  ase  is  that  the 
constituents  are  noninteracting  and  tnat  they  mix 
randomly.  This  gives  the  following  ideal  solution  model 


Gm=Ixi°Gi+RTIxiln(xi)  ...17 

i  i 

A  derivation  of  this  expression  using  statistical 
mechanics  and  assuming  non-interacting  species  in  a 
gas  can  be  found  in  any  textbook  on  thermodynamics.  It 
is  interesting  that  one  obtains  the  same  formula 
assuming  random  distribution  of  atoms  on  fixed  lattice 
sites.  The  quantities  °Gi  are  the  Gibbs  energies  of  pure 
elements  and  compounds  as  function  of  temperature 
and  pressure  as  discussed  earlier. 


Survey  of  solution  models 
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Fig.  5.  Survey  of  models 


Fig.  6.  A  block  diagram  showing  the  procedure  for 
assessing  thermochemical  data  for  solutions.  Note 
the  importance  of  models  and  estimated  data  for 
metastable  states. 
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Complex  models 

In  the  expression  for  the  ideal  solution  all  real  species 
formed  in  the  phase  should  be  included  in  the  formula. 
If  the  solution  phase  shows  a  deviation  from  the  ideal 
model  this  means  that  there  is  some  interaction 
between  the  constituents  which  cannot  be  ignored. 
However,  for  negative  interactions  one  may  still  retain 
the  simple  formula  in  eq.  17  and  instead  postulate  the 
existence  ot  more  species.  Such  models  are  generally 
called  "complex  models"  and  are  mainly  used  to  describe 
the  properties  of  the  gas  or  liquid  phase. 

Excess  Gibbs  energy 


Strong  positive  interaction  means  that  the  constituents 
do  not  like  to  mix  and  may  lead  to  miscibility  gaps.  In 
order  to  describe  a  miscibility  gap  it  is  necessary  to 
generalize  eq.  17  in  the  following  way. 


G  =  r'fG  +' 


...18 


where  EGm  is  called  the  excess  Gibbs  energy. 
Substitutional  regular  solution  models  use  re£G  and 
mlxGm  according  to  eq.  17  i.e. 

re£Gm  =  Ixi°Gi 


mixGm  =  RTIxiln(xi) 


...19 


but  other  models,  for  example  the  sublattice  model,  use 
other  expressions  for  rafGm  and  mlxG  .  One  should  note 
the  difference  between  the  excess  Gibbs  energy  and  the 
Gibbs  energy  of  mixing.  The  latter  is 


MGm  =  Gm  - 1  xi°Gi 


...20 


where  the  summation  is  made  over  the  components  of 
the  system.  The  Gibbs  energy  of  mixing  is  thus  a  model 
independent  quantity  whereas  the  excess  Gibbs  energy 
depends  on  the  model. 


Regular  solution  models 


The  regular  solution  models  uses  eqs.  18  and  19  as  base 
and  tries  to  account  for  the  non-ideality  of  a  phase  by 
introducing  terms  in  the  excess  Gibbs  energy  which 
depend  on  two  or  more  fractions.  In  the  simplest  case 
one  may  estimate  such  terms  from  the  heat  of  mixing. 

When  there  are  interactions  between  the  two 
constituents  of  a  binary  phase  the  simplest  modelling 
approach  is  this  term 

EGm  =  XjXjLjj  ...21 

where  x,  and  x,  are  the  mole  fractions  of  constituent  1 
and  2  respectively.  In  multicomponent  systems  one  can 
introduce  an  interaction  between  each  pair  of 
constituents 


EG  =  II  x  x  L 

fn  ...  ^  7  *  7 


>  j>1 


...22 


One  should  note  that  the  fractions  xi  must  be  taken 
from  the  constitution  of  the  multicomponent  phase.  In 
many  cases  it  is  not  sufficient  to  have  a  single 
coefficient  Li;j  to  describe  the  excess  Gibbs  energy  of  a 
binary  system.  One  may  then  expand  L1 .  as  a  function 
of  the  fractions  Xj  and  x^.  The  following  expansion  is 
recommended  for  use  when  one  wishes  to  extrapolate 
the  binary  excess  Gibbs  energy  to  a  multicomponent 
system 


BGiJ-xi*jX  (x.-x^L^ 


...23 


The  excess  term  expressed  in  the  differences  of  the 
fractions  in  this  way  is  usually  called  a  Redlich-Kister 
polynomial.  One  great  advantage  with  eq.  23  compared 
to  other  models  like  Margules  or  Legendre,  is  that  one 
may  use  the  fractions  xt  from  multicomponent  system 
directly  in  eq.  23.  This  avoids  any  complicated 
extrapolation  scheme  like  Kohler  or  Colinet  in  order  to 
convert  the  multicomponent  fractions  into  binary 
fractions  before  calculating  the  binary  excess 
contribution.  For  ternary  systems  the  method  of  using 
the  ternary  fractions  in  eq.  23  is  called  a  Muggianu 
extrapolation  scheme. 


There  are  other  excess  models  which  use  different 
forms  of  composition  dependence  but  for  binary  system 
they  are  all  equal.  The  advantage  with  eq.  23  is  that 
the  differences  are  invariant  when  there  are  three  or 
more  constituents  and  it  is  thus  suitable  for 
extrapolations  to  higher  order  systems  because  the 
compositions  of  i  and  j  in  the  ternary  or  higher  order 
system  can  be  used  directly  in  eq.  23.  Note  that  eq.  23 
must  not  be  rewritten  using  the  relation  xA  =  1  -  x^  as 
this  is  valid  only  in  the  binary  system. 

The  number  of  terms  in  a  Redlich-Kister  polynomial 
can  be  arbitrary  high  and  of  course  the  fit  to 
experimental  data  is  better  the  greater  the  number  of 
coefficients.  Therefore  it  is  appropriate  to  point  out  that 
increasing  the  number  of  coefficients  will  decrease  the 
significance  of  each  coefficient  and  there  is  a  limit 
which  should  not  be  exceeded  especially  if  the 
assessment  should  be  used  for  extrapolations  to  higher 
order  systems.  That  limit  is  about  3  coefficients  in 
metallic  systems  and  4  in  non-metallic  systems.  If  it  is 
not  possible  to  obtain  fit  within  this  limit  one  should 
reconsider  the  mode!  used  for  the  phase  and  try  a 
sublattice  model  or  an  associated  model.  The  reason  for 
the  restriction  is  that  the  experimental  data  in  a  binary 
system  is  usually  limited  and  it  is  possible  to  obtain 
equally  good  agreement  with  the  experiments  using 
several  different  sets  of  coefficients.  But  these  sets  will 
give  different  extrapolations  to  higher  order  systems. 
The  best  way  to  decide  which  set  is  best  is  to  try 
extrapolations  into  higher  order  systems  where  there 
might  be  more  experimental  information  or  include  this 
information  when  assessing  the  binary  system.  This 
means  that  one  often  has  to  modify  the  binary 
subsystem  whe  assessing  a  ternary  system.  But  if  a 
binary  subsystem  has  been  used  in  other  ternary 
assessments  one  may  not  change  it  without  reassessing 
also  these  systems  if  one  is  developing  a  general 
thermodynamic  database. 
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Based  on  the  binary  interaction  one  may,  for  ternary 
phases  which  show  deviation  from  the  Gibbs  energy 
extrapolated  from  the  binary  system,  introduce  a 
ternary  interaction  of  the  following  form 


=  XlX?XlLiy3 


It  is  important  to  note  that  the  strongest  influence  on 
the  ternary  properties  will  be  the  extrapolated  binary 
excess  Gibbs  energies.  When  assessing  ternary  phases 
one  should  not  simply  add  a  ternary  interaction  but  try 
to  modify  the  binary  interactions  including  the  ternary 
information.  If  a  single  ternary  interaction  is  not 
sufficient  the  following  expression  should  be  used 


L  =  v  I,1  +  v  C2 

'  i;  <  1  l‘i.’  i  T  v;  -'i: 


where  the  v  variables  are  defined  as 


v  j  =  x ,  +  ( 1  -  x  t  -  x2  -  x ,  )/3 

v  ,  =  x?  +  ( 1  -  Xj  -  x?  -  x  j)/3  ...26 

V  ,  =  X  ,  +  I  1  -  X,  -  X  -  X1)/3 

For  the  ternary  system  1-2-3  the  v  and  the  x  fractions 
are  identical.  However,  in  a  higher  order  system  the 
sum  of  v  will  always  add  up  to  unity  whereas  the  sum 
of  x,  +  x.  +  Xj  will  he  smaller.  This  term  was  first 
introduced  by  Hillert  ( 1980). 

Associated  models 


In  modelling  of  condensed  alloy  phases  one  has 
traditionally  used  only  the  components  as  constituents. 
This  is  in  contrast  with  the  gas  piiase  where  there  is 
usually  many  more  constituents  than  there  are 
components.  The  associated  model  is  a  mixture  between 
the  complex  model  and  the  regular  solution  model 
because  it  introduces  fictitious  species  in  order  to 
di.’.ribe  short  range  order  and  allows  interaction 
parameters  between  the  real  and  fictitious 
constituents.  The  model  thus  have  the  same  Gm 
equation  as  a  regular  solution  model.  But  as  the 
number  of  constituents  have  increased  it  can  be  used  to 
describe  more  complicated  Gibbs  energy  functions 


The  associated  model  has  successfully  been  used  by 
Sharma  and  (  'hang  (  1980)  to  describe  liquids  where  the 
activity  of  a  component  varies  drastically  within  a 
small  composition  range  An  example  of  this  is  shown 
in  Fig  7  for  the  Cu-S  system  The  associated  model 
assumes  that  a  species  Cu,S  exists  and  thus  the  binary 
Cu-S  system  is  transformed  into  a  ternary  as  shown  in 
Fig  8.  This  means  that  one  has  an  internal  degree  of 
freedom  because  the  composition  is  the  same  along  the 
dashed  lines 

The  curve  inside  the  triangle  shows  a  possible  locus  for 
the  minimum  Gibbs  energy  and  it  is  clear  that  this 
model  allows  the  system  to  be  constructed  as  two 
almost  independent  binaries.  In  the  phase  diagram 
shown  in  Fig  9  it  is  evident  that  this  system  has  two 
miscibility  gaps  separated  bv  a  very  stable  liquid 
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Fig  9  The  phase  diagram  for  Cu-S  showing  the 
narrow  range  of  stable  liquid  around  Cu-S. 

phases  Any  model  used  to  describe  this  system  must 
take  into  account  the  short  range  order  in  the  liquid 
around  the  Cu,S  composition 


7  > 


Sublattices 

All  crystalline  phases  have  defined  lattice  sites  for  the 
atoms.  In  many  cases  the  lattice  sites  have  different 
coordination  numbers  and  the  distances  to  all  nearest 
neighbours  may  not  be  constant.  If  there  are  different 
types  of  sites  one  should  use  this  fact  in  modelling  the 
thermodynamic  properties  of  the  phase.  When  using 
sublattices  it  is  convenient  to  introduce  a  special 
fraction  variable,  called  the  site  fraction,  which  gives 
the  fraction  of  each  component  on  each  sublattice.  The 
sum  of  the  site  fractions  on  each  sublattice  is  thus  unity. 

The  basic  Gibbs  energy  expression  for  case  with  several 
sublattices  is 

Gm  =  IP,<  Y)°G,  +  RTIa,Xy’ln(y’)  +  EGm  ...27 

I  b  i 

where  I  is  a  "constituent  array"  specifying  one 
constituent  in  nach  sublattice  and  Y  is  a  matrix  with  ail 
constituent  fractions.  °G,  is  the  Gibbs  energy  of 
formation  of  a  compound  with  the  constituents  given  by 
I.  as  is  the  ( relative)  number  of  sites  on  sublattice  s  and 
y“  is  the  fraction  of  constituent  i  on  sublattice  s.  EG  is 
the  excess  Gibbs  energy.  The  term  Pt(Y)  is  the  product 
of  the  site  fractions  of  the  constituents  given  by  I,  one 
from  each  sublattice. 

P,(Y)=  IFy’  -28 

The  excess  Gibbs  energy,  EGm  consists  of  terms  with  two 
or  more  site  fractions  from  the  same  sublattice  and  is 
thus  similar  to  the  excess  Gibbs  energy  for  a  regular 
solution  model. 

The  relation  between  the  mole  fraction  and  the  site 
fractions  are,  assuming  that  each  component  enters 
only  one  sublattice  and  th»t  there  are  no  vacancies, 


a  < 


Suhla'ttices  have  been  used  successfully  to  describe  a 
number  of  different  systems  like  interstit  ial  solutions, 
intermetallic  compounds,  chemical  ordering  and  oxides. 

Sublattices  for  interstitial  atoms 


°GFe.V4  is  the  Gibbs  energy  of  formation  of  iron  in  the 
fee  state  and  °GF<>.C  is  the  Gibbs  energy  of  formation  of 
a  fictitious  fee  phase  with  all  interstitial  sites  filled 
with  carbon  i.e.  an  fee  carbide. 

The  excess  Gibbs  energy,  restricted  to  a  single 
interaction  term,  can  be  written 


=  yv.YcLva.C 


...30 


As  the  substitutional  sublattice  is  completely  filled  with 
Fe  the  site  fraction  of  Fe  is  unity  and  has  been  omitted. 
The  relation  between  the  site  fractions,  y  ’  and  the  mole 
fractions  is 


1 

"  1+yc 

yL- 

l+yc 


...31 


In  the  Fe-G  system  there  is  no  fee  carbide  but  there  are 
many  carbides  with  an  fee  structure  for  example  TiC 
and  VC.  In  these  phases  the  stoichiometric  deviation  is 
large  towards  the  metal  but  it  is  usually  very  restricted 
towards  carbon  as  shown  in  Fig.  10  for  Ti-C.  In  order  to 
demonstrate  the  effect  of  the  restricted  solubility  due  to 
the  interstitial  sublattice  the  Gibbs  energy  curves  at 
1500  K  for  the  same  system  is  shown  in  Fig.  11.  The 
ration  between  interstitial  sites  and  substitutional  sites 
for  the  hep  phase  is  0.5,  for  the  fee  1  and  for  the  bcc  3. 
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As  an  example  of  an  interstitial  solutions  one  may  take 
for  example  C  in  fcc-Fe.  In  such  a  case  one  sublattice 
represent  the  substitutional  sites  for  Fe  and  one  the 
interstitial  sites  for  (’  As  most  of  the  interstitial  sites 
are  vacant  it  is  convenient  to  introduce  a  new 
component,  vacancies  denoted  Va.  in  order  to  simplify 
the  mathematical  expressions.  At  the  same  time  it  is 
required  that  the  vacancies  have  their  chemical 
potential  equal  to  zero  and  thus  one  does  not  violate  the 
Gibhs  phase  rule 

The  ( lihhs  energy  in  this  case  is 

('m  =  y.,  ('F.  v  Gf„:  e 

RT(y.r>ln<  y.,s)  +  y,.ln<y,J)  +  EGm 


Fig.  10.  The  phase  diagram  for  Ti-C  showing  the  wide 
composition  range  of  the  fcc-carbide,  modelled  with  a 
sublattice  model. 

It  will  lead  to  a  less  good  description  of  the  entropy  of 
mixing  for  the  phase  if  one  ignores  the  fact  that  a  phase 
has  sublattices  and  this  error  will  lead  to  more 
complicated  excess  Gibbs  energy  expressions.  One 
reason  why  the  sublattice  model  is  not  used  more 
frequently  is  that  it  may  not  be  obvious  how  to 
calculate  the  carbon  potential  using  eq  29  Therefore  it 
is  appropriate  to  give  the  basic  equation  how  to  derive 
the  chemical  potential  for  a  phase  with  sublattices  as 
derived  by  Sundman  and  Agren  <  1981 ).  One  must  first 
realize  that  one  cannot  calculate  the  chemical  potential 


29 
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Fig.  11.  The  Gibbs  energy  curves  for  various  phases  in 
the  Ti-C  system  at  1500  K  Note  that  the  sublattice 
model  ends  at  1/3  for  the  hep  phase  because  there  is  0.5 
interstitial  site  per  metallic  site.  The  fee  pht-^e  ends  at 
0.5  and  the  bec  phase  ends  at  0.75. 


sublattices  there  are  in  the  crystalline  structure.  In 
many  cases  it  would  be  to  complicated  to  use  the  full 
structure  so  some  of  the  sublattices  may  be  treated  as 
identical. 

One  unforseen  complication  with  the  use  of  sublattices 
for  multicomponent  systems  might  be  that  one  must 
use  the  same  sublattice  model  for  the  same  phase  in  all 
systems.  Thus  if  one  makes  simplifications  of  the  real 
structure  such  simplifications  must  be  valid  in  other 
systems  as  well.  A  particular  example  of  this  is  the  o 
phase.  <7  phases  appears  in  systems  with  bcc  elements 
(A  atoms)  like  Cr,  Mo,  V  and  fee  elements  (B  atoms) 
like  Fe,  Ni,  Co.  The  unit  cell  of  the  o  phase  has  30  sites 
divided  on  five  sublattices.  The  first  sublattice  has  two 
sites,  the  second  four  and  the  following  three  have  eight 
sites  each.  The  first  sublattice  is  predominantly  filled 
with  B  type  atoms,  the  second  with  A  type  atoms,  the 
third  with  B  type  atoms  and  the  last  two  A  and  B  are 
usually  mixed.  Thus  three  sublattices  are  sufficient  for 
the  modelling 


for  the  components  directly  from  eq.  27,  but  only  for  the 
constituent  arrays,  I.  For  any  constituent  array  I  we 
have  the  following  chemical  potential 

r)G  dGm 

G**GB+lTf-IIy?T7  -32 

i  dy.  «  j  dyi 

Inserting  eq.  29  we  get  for  the  Fe-C  system 

dG  dG  dG 
^Ee'.v, =  W  +  —  -  yv  —  -  yc— - 

3yc 


We-.Va  =  W  +  "  yv»-  y  c  . 

3yc 

dG  dG  dG 

We:C  =  Gm  +  ~  ^cT 

At  equilibrium  we  also  have 


(B)10(A),(A,B)16 

However,  there  are  some  o  phases  where  this 
distinction  is  not  so  strong  and  in  order  to  be  able  to 
handle  such  systems  the  following  model  has  been 
adopted 

(B)8(A)4(A,B)lg 

Other  intermetallic  phases  like  p,  R  and  Laves  phases 
can  be  treated  accordingly.  A  system  with  many 
intermetallic  phases  is  the  Fe-Mo  system  and  the 
calculated  phase  diagram  from  an  assessment  by  A. 
Fernandez  Guillermet  (1982)  is  shown  in  Fig  12. 


GF*:Va  -  We  +  GVa 


GF.:C  =  GF,  +  W 


As  GVa  is  zero  one  may  subtract  eqs.  34a  and  34b  which 
gives  after  some  rearrangement 


Sublattices  are  also  very  important  in 
metal-nonmetallic  compounds  like  oxides  and 
sulphides.  In  some  cases  these  phases  have 
considerable  compositional  variation.  In  Fig  13  the 


GF «:r  "  GF«:Va 


Inserting  eq.  33  we  get 
dG  dG 


dyr  dyv 


Gf«:c  -  "GFe.Va  +  RTln(— )  +  (yVa  -  y/L^.^.SS 

yv. 

It  is  straightforward  to  generalize  to  more  sublattices 
and  components  starting  from  eq.  32  and  generalizing 
eq  34 

Sublattices  for  intermetallic  phases 
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Phases  with  restricted  solubilities  are  often  found  in 
alloy  system  In  the  extreme  case  there  is  no  solubility 
and  the  phase  can  be  treated  as  a  compound.  But  if  the 
solubility  is  significant  one  should  determine  which 


Fig.  12.  The  phase  diagram  for  Fe-Mo  showing 
several  intermetallic  phases  modelled  with  the 
sublattice  model. 
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wiistite  phase  region  from  the  Fe-O  system  is  shown. 
This  has  been  modelled  using  a  two-sublattice  model 
with  the  following  constituents 

(Fe*2,  Fe+3,  Va  )x  (0_2)1 

At  higher  oxygen  potential  the  fraction  of  Fet3 
increases  in  the  wiistite.  In  order  to  maintain 
electroneutrality  one  must  at  the  same  time  increase 
the  number  of  vacant  sites  on  the  sublattice.  The 
constitutional  triangle  for  this  system  is  shown  in  Fig 
14.  The  line  in  the  triangle  represent  the  neutral 
combination  of  Fet3  and  Va. 
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Fir.  13.  The  Wiistite  phase  field  in  the  Fe-O  system 
where  the  wiistite  has  heen’modelled  with  two 
sublattices,  one  with  oxygen  ions  and  on  with  Fe+2, 
Fe*3  and  Va. 
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Fig.  14.  The  constitutional  triangle  for  the  wiistite 
phase.  Note  that  only  the  line  from  FeO  to  Fe203 
represent  neutral  combinations  of  Fe*3  and  Va. 


Suhlattices  for  long  range  order 

A  final  case  where  sublattices  are  useful  is  to  describe 
chemical  ordering.  There  is  a  significant  difference 
between  phases  with  sublattices  of  different  types  for 
example  (7,  and  phases  with  ordering  transformations 
for  example  fee  Au-Cu.  The  reason  is  that  the  o  phase 
the  sites  have  different  coordination  numbers  wheras 
the  sites  in  the  fee  phase  are  equivalent.  If  the 


interactions  are  negative  in  an  fee  phase  there  will 
always  be  a  transition  between  a  state  with  a  long 
range  order  (lro)  and  a  disordered  state,  usually  with 
some  short  range  order  (sro).  The  lro  state  can  be 
modelled  with  the  sublattice  model  for  example  the  bcc 
phase  in  Fe-Si  system  as  shown  in  Fig.  15  where  the 
B2/A2  transition  is  shown  as  a  dashed  line. 

The  treatment  of  lro  ordering  presented  by  Bragg  and 
Williams  (1934)  was  identical  to  a  sublattice  model 
although  they  used  an  ordering  parameter  as 
independent  variable. 
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Fig.  15.  The  phase  diagram  for  Fe-Si  with  the  second 
order  transition  from  A2  to  B2  for  BCC  shown  as 
a  dashed  line. 


Quasichemical  models 

Systems  with  a  strong  negative  interaction  has  a 
tendency  for  ordering  i.e.  unlike  atoms  like  to  be 
together.  This  has  a  significant  influence  on  the 
entropy  of  mixing  and  the  assumption  of  random 
distribution  is  no  longer  very  good.  Even  without  lro 
the  negative  interaction  has  a  considerable  influence  on 
the  sro  contribution  to  the  Gibbs  energy  for  the  phase. 

A  correction  of  the  entropy  of  mixing  called  the 
quasichemical  model  was  first  suggested  by  Bethe 
(1935).  In  this  model  one  assumes  that  the  bonds 
between  A  and  B  atoms  are  distributed  randomly.  The 
bonds  are  related  by  a  simple  chemical  reaction 
formula  with  a  Gibbs  energy  of  reaction 


A-A  +  B-B  =  2  A-B  AGAB  ...37 

This  gives  the  following  Gibbs  energy  expression 

Gm  =  yABAGAB  +  RT'yAAln(yAA>  +  y  BB^1^  y  BB  ^  + 

yABln(yAB)  +  yBA|n(yBA,)  -38 

where  y^  =  yBA.  The  mass  balance  conditions  requires 
that  the  mole  fractions  of  A  and  B  are  given  by 

xa  =  y*A +  y« 

...39 

XB  =  .VBA+yBB 
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Eq.  38  can  be  generalized  by  introducing  the  number  of 
bonds  per  atoms,  z,  but  that  is  not  important  in  this 
case.  It  is  easily  recognized  that  eq.  38  is  identical  to 
the  Gibbs  energy  expression  of  a  gas  phase  with  AA, 
BB,  BA  and  AB  molecules  (the  Gibbs  energy  of 
formation  of  AB  and  BA  molecules  are  the  same).  In  a 
gas  phase  the  molecules  are  independent  but  in  a 
crystalline  phase  the  nearest  neighbours  to  a  site  must 
agree  what  atoms  are  placed  in  each  site.  In  order  to 
correct  for  the  overestimation  of  the  entropy  in  eq.  38 
the  following  expression  have  been  suggested 

Grn  =  yABAGAB  +  RTty^ln^)  +  yBBln(yBB)  +  y^lniy^) 

+  yBRln(yBA))  -  RT(xAln(xA)  +xBln(xB))  ...40 

Even  with  this  correction  eq.  40  is  valid  only  when  the 
short  range  order  is  small.  However,  eq.  40  has  one 
important  property,  if  AGM  is  zero  then  there  should  be 
no  sro  and  eq.  40  should  be  identical  to  an  ideal  model. 

In  this  case  we  have 

yftA  =  xA 

-VaB  =  y  BA  =  XAXB  41 

yBB  =  ^ 

By  inserting  eq.  41  in  eq.  40  we  find  that  this  becomes 
identical  to  eq.  17. 


Cluster  Variation  Method 

A  more  elaborate  model  for  ordering,  called  the  cluster 
variation  method  (CVM),  has  been  developed  by 
Kikuchi  (1951).  In  this  model  one  not  only  takes 
pairwise  bonds  into  account  but  also  "clusters"  with 
three,  four,  five  and  more  atoms.  Each  of  these  clusters 
will  have  a  Gibbs  energy  of  formation  from  the  number 
of  AB  bonds  it  contains.  And  the  entropy  expression  has 
a  correction  term  in  order  to  take  into  account  the  fact 
that  the  clusters  share  surfaces,  edges  and  corners. 

Indeed  this  model  may  seem  very  far  from  a  model  for  a 
gas  with  molecules  but  actually  it  is  not  so.  In  Fig.  16 
The  Gibbs  energy  curves  for  three  possible  models  for 
an  ordered  system  is  shown.  The  upper  curve  is  for  an 
ideal  model  with  only  the  components  A  and  B.  The 
bottom  curve  is  for  an  "associate"  model  or  gas  with  the 
five  clusters  A4,  A3B,  A2B2,  AB3  and  B4.  The 
intermediate  curve  is  for  a  tetrahedron  approximation 
of  the  CVM  model  with  the  same  five  clusters. 


Fig.  16.  The  Gibbs  energy  for  three  different  models 
using  the  same  nearest  neighbour  bond  energy. 

The  regular  solution  model  with  just  one  interaction  term 
is  the  highest  curve.  If  one  attempts  to  describe  short 
range  order  bv  introducing  associates,  in  this  case  the 
three  associates  A3B,  A2B2,  AB3  was  assumed,  the 
bottom  curve  is  obtaind  as  the  associates  increase  the 
entropy  of  mixing.  Fially,  if  one  corrects  the  entropy 
of  mixing  by  considering  that  the  associates  will  share 
corners  and  edges  in  the  crystalline  lattice  one 
obtains  the  cluster  variation  method  (CVM)  and  this 
is  given  by  the  intermediate  curve. 


Monte  Carlo 
CVM  (sro  and  Iroi 
CVM(sro)  BW(lro) 


Fig.  17.  This  figure  is  a  prototype  phase  diagram  for  an 
fee  phase  with  ordering.  The  dashed  lines  have  been 
calculated  using  the  CVM  tetrahedron  approximation 
for  both  the  disordered  phase  and  the  ordered.  The  full 
lines  show  a  calculation  using  CVM  for  the  disordered 
phase  and  the  sublattice  model  for  the  ordered  phases. 
Finally  the  tie-lines  are  from  a  Monte-Carlo  calculation 
by  Binder. 


Dilute  models 


If  the  Gibbs  energy  curves  are  not  very  different  the 
entropy  curves  may  be.  In  Fig.  17  calculations  of  a 
prototype  phase  diagram  for  an  fee  phase  with  Ll2  and 
Lln  ordering  is  shown  using  three  different  models  and 
the  same  nearest  neighbour  bond  energy,  from  a  paper 
by  Sundman  and  Mohri  (1990).  It  is  very  difficult  to 
obtain  the  same  diagram  using  only  the  sublattice 
model  because  this  model  ignores  the  short  range  order 
contribution  and  thus  underestimates  the  stability  of 
the  disordered  phase 


The  first  application  of  thermodynamic  calculations  in 
metallurgy  was  made  at  a  time  when  all  calculations 
had  to  be  made  by  pen  and  paper.  At  that  time  one 
could  only  handle  dilute  solutions  and  stoichiometric 
compounds  and  a  number  of  simplified  models  as 
proposed,  the  most  well  known  in  metallurgy  by 
Wagner  ( 1952).  In  this  e-model  the  activity  coefficient  of 
a  solute  is  assumed  to  be  linearly  dependent  on  its 
concentration  whereas  the  solvent  is  assumed  to  obey 
Rouits  law. 


Such  a  model  may  account  for  experimental 
information  in  the  dilute  range  but  the  model  is 
actually  thermodynamically  inconsistent  as  it  violates 
the  Gibbs-Duheim  relation.  Therefore  one  should  not 
use  such  models  in  computer  software  for 
thermodynamic  calculations,  and  in  particular  so  when 
Bale  and  Pelton  (1986)  and  Hillert  (1986)  have 
developed  a  method  to  incorporate  the  £  parameters 
into  a  regular  solution  model  which  actually  extends 
the  composition  range  for  which  they  can  be  applied. 
Following  Hillert  the  transformation  is  given  by 


°G1  =  RT  yl  +  0.5  RT  E  ■  ■ 

...42 

Lj  1  =  -0.5  RT  e, , 

...43 

L,  ,  =  RT  i  e;  t  -  0.5  (  eu  +  e^» 

...44 

where  1  denotes  the  solvent  and 
Note  that  the  terms  "G^  are 

i  and  j  solute  atoms, 
dependent  upon  the 

solvent.  The  parameters  in  eqs.  42-44  can  be  used  in  a 
substitutional  regular  solution  model  according  to  eq. 
18. 

Sublattice  models  for  the  liquid 

Most  liquids  can  he  described  fairly  well  with  the 
substitutional  regular  solution  model.  However,  in 
some  cases  sro  is  significant  and  this  has  lead  to  the 
use  of  the  associate  model  in  some  systems. 

In  the  liquid  phase  there  are  no  sites  like  in  a 
crystalline  phase  and  thus  the  use  of  sublattice  for 
liquids  may  seem  artificial.  However,  already  in  1945 
Temkin  (1945)  showed  that  molten  salts  could  be 
successfully  described  using  a  two-sublattice  model 
with  cations  mixing  on  one  set  of  sites  and  anions  on 
another.  In  accordance  with  experience  a  liquid 
dominated  by  one  cation  and  one  anion  would  have  very 
low  entropy  of  mixing  accord. nft  to  this  model.  The 
alternative  model  would  be  to  assume  that  t  ‘  ions 
formed  associates  in  the  liquid. 

In  particular  when  mixing  four  salts,  A,.Ov  A  ,,Da.  B  ;(’b. 
BJ)^  we  obtain  a  reciprocal  system  as  shown  in  Fig.  18. 
taken  from  Hillert  and  Staffanson  ( 1970),  with  A  and  B 
in  the  first  sublattice  and  C  and  D  on  the  second. 

(A'\B*h>iC*',rVfl) 

If  all  ions  have  the  same  valence  the  Gibbs  energy 
expression  for  this  liquid  is  identical  to  that  for  a 
crystalline  two-sublattice  model.  However,  if  the 
valences  of  the  cations  or  anions  are  not  equal  one  must 
find  some  method  to  maintain  electroneutralitv  in  this 
liquid  one  method  is  to  use  equivalent  fractions  defined 
by 

NA'a 

z,  = - 

N'A/a  +  N\_/b 


Fig.  18.  The  r8£Gm  surface  for  a  reciprocal  system 
showing  the  relation  between  the  reciprocal  energy, 

AG  and  the  four  corner  compounds.  In  general  the 
surface  will  be  curved. 

Nc/C  -45 
c  NjVc  +  ND/d 

where  a,  b,  c  and  d  are  the  valences  of  A,  B,  C  and  D 
respectively.  However,  the  use  of  equivalent  fractions 
has  the  drawback  that  it  is  impossible  to  extend  the 
model  to  systems  with  neutral  constituents.  Therefore 
another  model  have  been  developed  which  can  be 
extended  both  to  systems  with  only  cations  (i.e.  metallic 
systems)  and  also  to  the  non-metallic  liquids,  for 
example  liquid  sulphur.  This  model  is  called  the  ionic 
two-sublattice  liquid  model  (Hillert  et  al,  1985)  and  it 
uses  site-fractions  as  constituent  variables.  In  order  to 
handle  a  liquid  with  only  cations,  i.e.  metallic  liquids, 
hypothetical  vacancies  are  introduced  on  the  anion 
sublattice  and  in  order  to  extend  the  model  to 
non-metallic  systems  one  introduces  neutral  species  on 
the  anion  sublattice.  The  model  can  be  written  as 

(Cv>)p(Av>,Va,B?)Q 

where  each  pair  of  parentheses  surround  a  sublattice.  C 
represents  cations,  A  anions,  Va  hypothetical  vacancies 
and  B  neutrals.  The  charge  of  an  ion  is  denoted  vi  and 
the  index  i  is  used  to  denote  a  specific  constituent.  The 
superscript  v;  on  cations  and  anions  as  well  as  0  for  the 
neutrals  will  not  be  included  in  the  following  text.  The 
number  of  sites  on  the  sublattices,  P  and  Q,  must  vary 
with  the  composition  in  order  to  maintain 
electroneutrality.  The  values  of  P  and  Q  are  calculated 
from  the  following  equations 

P  =  I«-vi)yA+QyVa  ...46 

i 

Q=Iv1yCi  ...47 

i 

where  v  denotes  the  site  fraction  of  a  constituent.  P  and 
Q  are  simply  the  average  charge  on  the  opposite 
sublattice.  The  hypothetical  vacancies  have  an  induced 
charge  equal  to  Q. 
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The  ordinary  mole  fractions  can  be  calculated  from  the 
site  fractions  in  the  following  way  for  the  components 
which  behave  like  cations 


Pyc 


P  +  Qd-yv.) 


and  for  the  components  which  behave  like  anions 
neutrals 


...48 

or 


QyD 


P  +  QU-yv  ) 


...49 


whore  D  is  used  to  denote  any  constituent  on  the  anion 
sublattice.  Eq.  49  cannot  be  applied  to  vacancies, 
however,  because  the  mole  fraction  of  vacancies  is  zero 
of  course. 


The  integral  Gibbs  energy  expression  for  this  model  is 


Gm  =  IIyCiyA;GCi:Aj  +  QyVaIyCl°GCi  +  QIyB/GBi  + 


RT(  PSyCiln(yCi)  +  Q<XyAiln(yRi)  + 


yVAln,yVa)  +  IyBlln(yB1)  >  > +  EGm  -5 

i 

where  °GCi.Rj  is  the  Gibbs  energy  of  formation  per 
(Vj+(-v.))  moles  of  atoms  of  liquid  CLAy  °GCi  and  °GBi 
are  the  Gibbs  energies  of  formation  per  mole  of  atoms  of 
liquid  CA  and  IT  respectively.  The  factor  Q  in  front  of 
the  second  and  third  sum  comes  from  the  variation  of 
the  number  of  sites  with  the  composition.  Note  that  Gm 
in  eq.  50  is  defined  for  P  +  Q(  l-yVa)  moles  of  atoms.  The 
term  multiplied  with  RT  is  the  ideal  entropy  of  mixing 
and  EGm  is  the  excess  Gibbs  energy. 

Eq.  50  may  look  formidable  in  its  complexity  and  one 
may  wonder  if  simpler  models  cannot  be  equally  useful. 
This  criticism  misses  its  point  because  eq.  50  is  the 
general  multicomponent  expression  and  this  model  is 
indeed  identical  to  simpler  models  in  many  special 
cases.  The  great  advantage  with  eq.  50  is  that  it  allows 
a  continuous  description  of  a  liquid  which  changes  in 
character  with  composition.  Eq.  50  has  successfully 
been  used  to  describe  oxide  liquids,  silicates,  sulphides 
as  well  as  liquid  short  range  order,  molten  sails  and 
ordinary  metallic  liquids. 

A  remarkable  feature  of  eq.  50  is  that  is  becomes 
identical  to  the  associated  model  for  some  very  simple 
systems,  for  example  the  Cu-S  system  with  a  Cu2S 
associate.  The  assumptions  behind  the  associate  model 
and  the  ionic  liquid  model  are  very  different  and  this 
shows  clearly  that  one  cannot  make  any  statement 
about  the  true  nature  of  a  system  just  because  a 
mathematical  model,  based  on  some  physical  picture  of 
the  system,  gives  good  result.  It  may  be  possible  that 
another  physical  picture  of  the  system  will  yield  exactly 
the  same  mathematical  model. 


Fig.  19.  A  phase  diagram  for  a  multicomponent  steel. 
The  aim  of  the  modelling  1  described  in  this  paper  is 
to  be  able  to  make  extrapolations  into  higher  order 
system  in  order  to  predict  the  properties  there.  The 
curves  are  "zero  phase  fraction"  lines  and  the  digit 
on  the  curve  indicate  the  phase  that  is  stable  with 
zero  fraction  along  the  curve. 


Final  remarks 

A  large  number  of  thermodynamic  models  have  been 
developed  for  alloys  and  related  systems.  However,  on 
closer  inspection  most  of  these  models  are  very  similar 
with  some  minor  differences.  It  thus  seems  possible 
that  in  the  not  to  distant  future  the  number  of  models 
used  will  be  quite  small  which  will  improve  the 
cooperation  towards  a  generally  applicable 
thermochemical  database. 

The  importance  of  such  a  database  is  clearly  evident  if 
one  knows  what  is  currently  possible  even  with  a  very 
limited  database.  With  the  use  of  phase  diagrams  like 
the  isoplet  shown  in  Fig.  19  for  a  steel  with  eight 
component,  it  is  possible  to  de .  clop  new  materials  with 
better  properties  and  at  a  lower  cost. 
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Abstract 

We  have  developed  a  high  resolution  thermal  analysis  set-up  that  allows  the  accurate 
control  and  programmation  of  the  temperature  within  a  working  space.  In  our  experimental 
system,  with  a  sample  of  less  than  2  g  in  mass,  it  enables  us  to  work  cycling  with  a  resolu¬ 
tion  and  reproducibility  about  0.005  K.  The  maximum  amplitude  used  is  near  70  K.  The  system 
has  been  built  in  a  very  simple  way  and  the  working  domain  lies  around  the  room  temperature. 
This  controlled  system  has  been  applied  to  the  study  of  the  evolution  of  the  martensitic  tran 
sformation  in  Cu-based  shane  memory  alloys.  The  available  measurements  are: 

a)  Acoustic  emission  (A.E.)  observation,  b)  Optical  microscopy  (until  700x)  and  simultaneous 
video  recording  for  farther  study  (260-360  K).  c)  Resistance  changes  with  a  resolution  near 
0.1%  for  resistance  values  of  1  milliOhm.  d)  High  resolution  DSC  (223-353  K).  With  suitable 
signal  processing,  it  gives  a  resolution  near  1  jjV  equivalent  to  3  pW. 

Mu i t  i - inter face  effects  in  resistance  measurements  (dependence  of  the  resistance  on  both  mass 
and  number  of  interfaces)  heve  been  observed. 


L  ■_  t  _oduc  t_ ujn 

ape  inpmor-,  alloy.  ,ht  very 

interesting  because  of  its  possible 

\o>-  hno  logical  applications  a  nr)  also  because 
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martens!  t  i  c  tran  s  formation  w  l  t  h  .  i  r  .*  1  u  t  i  v  e  1  y 
Inw  hysteresis  in  " ther moe 1  as t l c "  processes. 

T  h  r>  martensitic  transformation  is  a 
first  order  phase  transformation  between 
m  n  t  a  s  t  ab  1  e  phases  and  its  behaviour  is  not 
ideal.  There  are  many  phenomena  influencing 
the-  transformation:  i  >  Thermoplastic  i  ty  :  the 
spontaneous  transformation  in  a  given  sample 

sf  ess  free-  does  not  occur  at  a  given 
►  r>T>p.'  m  ,\ tor  e  ;  it  l  s  nt'f  r  p«,ar  y  a  conti  nuous 
•  i  r'i-jr»r  oo  1  i  r>g  (overheat  incj'  to  force  the 

f  r  -w  i  f  n  r  mat  l  O  n  (  r  p  t  r  a  nsf  n  r  m ii  t  ion)  g o  i  ng  o  n  . 
i i )  Stabilisation:  Due  to  diffusive 

processes,  the  relative  stability  of  the 
phases  change  with  ageing  time  in  one  or 
other  phase.  This  evolution  depends  on 
thermal  treatements.  ill)  Pinning  processes: 
Tho  progression  of  the  transformation  is,  in 
general,  nnn-cont i nuous  nr  "burst-like".  The 
position  nf  the  interphase  remains  stopped 
in  some  points,  and  then  a  sudden  evolution 
may  follow  (burst -type  transformation).  In 
transforming  and  re-transforminq,  symmetric 
behaviour  appears  but,  in  local 

observations,  an  assymetrjcal  behaviour  is 
observed.  iv>  The  width  of  the  hysteresis 
r  yr.  Ip:  Depends  on  t  her  momec  h  an  i  c  a  1 

treatment ,  on  ageing  time  and  on  deffects 
con<  pnti at  inr’  on  the  sample. 

Thp  m  n.f  j  n  up?]  phenomena  are  related  to 
fbe  main  p.  oh  1  f'ms  found  in  applications  of 
the  rh.ipn  v  alloys.  It  is  quite 
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TKr,r-, .  y  is  iT.^otiryy  fo  have  an  accurate* 
i<  - -cu-.  !  ed  ;  r»  <■' f  *  he  .  i  I  1  o  y  behaviour  in  the 
transformation.  i nr ludinq  complete 

h a r  a r  t r»r  i  /  1 1,  j  n,-i ,  and  to  have  a  1  so  a  good 
knowledge  of  the  ageing  effpets  after  the 


production  and  training  processes. 

Diverse  measurements  can  be  done  in 
order  to  characterise  the  martensitic 
transformation.  These  include:  optical 

microscopy  ( thermom l c r oscopy ) ,  to  monitor 
the  interphase  positions  and  changes  in 
dimensions.  Electron  microscopy  ( SEM  and/or 
T  E M )  ,  with  the  same  purpose,  plus  the 

ability  ro  look  at  tine  crystallographic 

structures  and  not  only  to  morphology. 
Fleet.:  ic  resistance  (resistivity) 

measur emen t s ,  which  may  give  also  an 
indication  of  the  degree  of  transformation 
achieved.  Enthalpy  changes,  which  give  a 
change  between  different  states  of  the 
sample.  Accoust ic  emission,  which  measures 
the  existence  nf  hurst-1  ike  processes  in  the 
sample  during  the  transformation. 

These  techniques  have  different 
sensitivities  respect  to  the  detection  of  a 
certain  degree  of  transformation.  Then,  care 
should  be  taken  into  account  when  different 
measurements  realised  with  several 

tprhniqnpc,  are  to  be  compared.  Our  purpose 
*  c  have  a  sy  which,  allows  different 

measur emont s  to  he  performed  together,  in  a 
controlled  way,  in  order  to  get  a  better 
underst and l ng  cf  the  transformation  process 
. n  Cu-based  shape  memory  alloys. 

?J.  pE  xppr  J  men  t  a  J  set  J  up 

The  experimental  set-up  is  a 

temper  at  no  controlled  copper  plate,  on 
which  y  is  possible  to  place  the  sample  to 
he  oh  so*  >  orj  .mg  ,  oar  ac  t  pr  i  s  ed  (  see  fig.  1  >  . 
Tkp  -•,npi  n  si. re  considered  i  <=.  relatively 
mall  '.iho-jf  P'cmm  *  3mm  *  1mm),  in  order  to 

obtain  good  r  »=*■■-  p  nnse  times  in  temperature? 
'  M  e  a  t  d  i  f  f  i  i  1  n  •  •,  is  a  1  i  m  i  t  i  ng  factor  )  , 

enab  1  i  i  i  . . .  temperature  control  and 

•pproducibi 1 i ty. 

The  copper  plate  is  heated  or  cooled 
by  use  of  the  Peltier  effect.  The 
temperature  is  controlled  by  a  computer, 
with  a  Pt-100  platinum  resistance 

'resolution  1  mOhm ).  The  tempeiature  control 
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is  done  by  using  the  transfer  function  of 
the  system,  together  with  a  feed-back 
correction  to  account  for  room  temperature 
changes  during  the  measurements,  as  has  been 
described  elsewhere  (Amengual  and  Torra, 

1 9B9 ;  Amengual  et  al ,  1909).  The  resolution 

and  reproducibility  of  the  temperature 
e-.'O  lul  ions  of  the  system  are  about  0.003  K. 
This  has  made  possible  to  note  that 
r epr oduc i b i 1 i t y  in  accoust ic  emission  may  be 
observed  with  a  very  r igurous  temperature 
control  (Amengual  et  al,  1987),  suggesting 
that  pseudo-random  behaviour  may  be  induced 
by  non-reproducible  external  influences  to 
the  sample  and  mixed  effects  with  histeret ic 
tehavicu*'  of  the  surface  martensite. 

The  optical  microscopy  is  easily 
ac omp l i shed  with  the  system  shown  in  fig.  1, 
enabling,  in  the  700x  magnification,  to 
observe  small  cnanges  in  the  amount  of  the 
phases  present  in  the  martensitic  transfor¬ 
mation  <  resolution  in  /\x  about  1  jim )  . 

l-Je  determine  resistance  changes  better 
than  resistivity  of  a  sample,  because  of 
shape  changes  and  non-homogene i t y  during  the 
martensitic  transformation.  We  use  the  four- 
point  method  with  appropiate  contacts.  The 
resistance  of  a  standard  sample  (lenght  32 
■nm ,  width  2  mm,  thickness  0.3  mm)  is  about  1 
"'Ohm.  The  changes  in  resistance  associated 
■vi  th  the  transformation  are  near  10  7.  The 
intensity  applied  is  about  0.1  A,  which 
leads  to  an  energy  dissipation  by  Joule 
effect  of  about.  0.01  mW ,  nominally  enabling 
t no  oh  tent  inn  nf  simultaneous  calorimetric 

n  f  o  »'■  IT  a  t  1  O  n  . 

The  reoistence  has  been  measured  using 
*■  wn  alternative  methods  (Amengual  et  al. 

‘  oqg'  :  The*  first  one  using  an  A/D  board  in 

computer  and  a  numeric  phase-sensitive 

*  t  r*.  t  i  n  n  ,  with  a  r  eso  1  u  t  ion  near  to  0.1  7. 

U'o  measured  resistance  values.  In  the 
~ tr>r:  non  method,  the  computer  devoted  to  the 

*  nmppr  a  ♦.  ti-  e  control  also  produces  a 

■  tungul  v  intensity  wave:  It  switches  a 

’  Olay  that*  changes  the  sense  of  the  current 

i p plied  to  the  sample  by  a  stabilised 
•■'urre,  and  triggers  the  measure  of  the 
pntnnh.il  :iri  nss  the  sample  and  the  current 
flawing  r  r> a  !  i  7  H  by  t.  wo  digital  multimeters 
f  r  m  n  |  U  t  I  on  1  ■ '  '»  i>7  )  .  fho  f  if*a  1  i  (.>'•/!  1  u  t  i  O  >  > 
obtained  is  near  to  the  one  obtained  with 
the  lower -cost  procedure  (using  the  A/D 
board),  but  the  temperature  control  can  be 
better  with  a  careful  synchronism  of  the 
processes  and  the  temperature  rate  is 
i nr  r  eased . 

The  DSC  analysis  is  obtained  by  means 

two  plates  of  t her  mop  1 ement s  MELCOR  with 
1  cm# *2  of  area  connected  in  Differential. 
Due  to  the  i mppr  feet  differentiability  of 
the  system,  the  temperature  program  gives  a 
continuous  change  in  the  base  line.  Also, 
the  intensity  fluctuations  in  the 

thermoelements  heat i ng/coo i ing  the  copper 
base  induce  predt  .tible  fluctuations  in  the 
output.  The  effect  of  the  fjuctuetions  in 
the  intensity  in  the  thermoelements  can  be 
removpd  by  substractinq  the  result  of  the 


rig.  1.-  Experimental  set-up  used:  A) 
thermal  bath  at  room  temperature.  B)  Brass 
block.  C)  Peltier  effect  elements 
( hpa t l ng /cooling).  D)  Platinum  resistance 
thermometer,  Pt-100.  E)  Supports.  F)  Working 
area.  at  a  programmed  temperature  T(t).  G) 
Mechanical  load  (stress)  applied  to  the 
sample.  H)  Sample. 

To  perform  DSC,  the  sample  is  placed  on  one 
of  two  ther moba t t er i es  connected  in 
^ if ©n t i a  1 ,  both  placed  on  the  controlled 
temperature  area. 


convolution  of  this  intensity  fluctuations 
by  using  the  initial  calibration  (obviously 
temperature  dependent).  After  this 
correction  and  the  corr espond i ~g  to  the  ones 
induced  by  the  fact  that  the  sensitivity  of 
thp  thermoelements  depends  or,  temperature, 
the  uncertainty  in  the  base  line  is 
estimated  to  be  +0.001  mV  which  corresponds 
to  an  amount  of  he^t  power  released  in  the 
sample  area  around  0.003  mW .  This  is  one 
order  of  magnitude  better  than  the 
resolution  of  standard  DSC  analyzers  (see 
for  instance,  Perkin  Elmer,  Setaram  and 
o  ther s ) 

As  an  example,  let  us  consider  the 
results  obtained  regarding  to  optical 
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we  consider  mu  1 v  1 
mations,  the  situation  is 
d  only  mass-dependent  in 
«=,{? .  In  fig.  (3)  we  show 
f  the  resistance  and 
i me  for  a  sample  with  the 
an  the  previous  one .  The 
ed  to  a  small  tensile 
ling  a  martensite  plate 
grows,  interacting  with 
rl  mirronlates.  and  then 


^.-Schematic  representation  of  the 
logy  in  the  t r ansf or ma t i on 

ponding  to  the  resistance  values  of 
4  :  in  first  place  f  a  )  ,  one  martensite 

grows.  Then,  two  se 1 * - ac r o mo d a t i ng 
ts  of  martensite  intercept  the  first 
<b>,  stopping  the  growth  process. 
YifcJ/the  martensite  continues  growing, 
Mnq  some  beta- mar  tens  1 te  interphases. 


We  have  developed  a  system  that  allows 
ccurate  control  and  proqrammat ion  of 
emperature  within  a  work'ng  space  to 
transf orma t 1  on  cycles  in  shape  memory 
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From  this  experimental  set-up  we  have 
obtained  results  concerning  mu  1 1 i - i nter phace 
offsets  in  resistance  measurements 
(dependence  of  the  resistance  on  both  mass 
and  number  nf  interfaces).  Other 
possibilities  appear  in  the  high  resolution 
thermal  analysis:  studies  of  t r ansf o r ma t i on 
temperatures  vs.  time  by  ordering  processes, 
defects  production  by  cycling,  intrinsic 
parameters  studies  (thermoelasticity  in 
stress  free  processes)  and  the  evolution  of 
time  scales  with  annealing  in  beta  or 
martensite  phases. 
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ELECTROCHEMICAL  EXPERIMENTS  WITH  COMPOSITE  ELECTROLYTES 
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Abstract 

Following  the  review  of  solid  electrolyte  studies  presented  Prof.  Pratt  at  the  Vienna  meeting,  the  present  state  of  the  art 
simple  galvanic  systems  is  briefly  reviewed.  It  can  be  seen  there  are  a  number  of  shortcomings  in  the  technique  involving 
a  composite  of  solid  electrolyte  with  a  sen  dispersed  phase  wich  enlarges  the  scope  of  the  method  is  present.  Examples  are 
drawn  from  studies  with  stable  oxides,  sulphid  carbides  and  hydrides. 


Introduction 

At  the  Vienna  meeting.  Prof.  J.  Pratt 
presented  a  comprehensive  review  of  solid 
electrolyte  systems  which  showed  the 
potential  for  the  determination  of  alloy 
thermodynamics  using  galvanic  cells 
incorporating  electrolytes  in  the  solid 
state.  Two  alternative  approaches  which  have 
been  successfully  applied  are  typified  by 
the  pioneering  work  of  Rapp  and  Maak  ( 1 )•  who 
used  a  zirconia  electrolyte 

Ni/NiO  I  Zr  Ca  o„  I  Cu-Ni/NiO 

1  O. 85  0.152  1 

and  Aronson  (2)  who  used  a  fluoride 
electrolyte 

Th/ThF  I  CaF  I  ThF  /ThC  /C 

4  2  1  4  2 

The  first  cell  measures  an  oxygen  potential 
gradient,  which  in  turn  is  related  to  the 
nickel  chemical  potential  gradient.  The 
second  cell  measures  a  fluorine  potential 
gradient  which  is  inversely  related  to  the 
thorium  potential  gradient..  Since  the 
carbon  activity  in  the  right  hand  electrode 
is  unity,  the  results  may  be  used  to  measure 
the  Gibbs  energy  of  formation  of  thorium 
dicarbide . 

Extensive  use  of  the  fluoride 
electrolyte  has  been  made  in  a  number  of 
other  directions  such  as  that  used  by 
Worrell  (3>  to  measure  the  stabilities  of 
sulphides,  as  typified  by  the  cell. 


Cu/Cu^S/CaS  |  CaF2  |  Fe/FeS/CaS 

In  this  cell  the  sulphur  potential  in  each 
electrode  establishes  a  calcium  potential 
due  to  the  presentee  of  an  admixture  of 
calcium  sulphide,  and  the  resulting  calcium 
potential  gradient  between  the  electrodes 
establishes  a  fluorine  potential  gradient 
across  the  CaF  electrolyte  in  which  the 
fluoride  ion  has  unit  transport  number. 

Jacob,  Iwase  and  Waseda  (4)  extended 
this  principle  by  using  a  sodium 
ion-conducting  electrolyte  0  alumina  for  the 
measurement  of  a  sulphur  potential  gradient. 
They  used  the  cell 

pHzS/pH2/Na2S  |  Na/P-Al203  |  Na^/p '  H2S/p '  H2 

in  which  the  sulphur  potential  gradient 
imposed  a  corresponding  sodium  potential 
gradient  because  of  the  presence  of  sodium 
sulphide  at  each  electrode  interface  with 
the  electrolyte. 

Finally,  these  same  authors  (5)  used  a 
two-phase  mixture  of  CaS  and  Zr02(Ca0)  as 
the  electrolyte  between  two  gaseous  mixtures 
with  fixed  sulphur  potentials  thus 

Ar/H2/H2S  |  CaS+Zr02(Ca0)  |  Ar'/H2'/H2S' 

In  each  case  the  electrochemical  circuit  was 
completed  via  platinum  contacts. 

.  There  are  a  number  of  experimental 
difficulties  associated  with  these  schemes 
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for  electrochemical  measurement,  amongst 
which  must  be  numbered:  (1)  The  appearance 
of  a  significant  elector!  transport  in 
stabilized  zirconia  at  low  oxygen 
potentials.  Thus  for  systems  as  stable  as 
Mn/MnO,  it  is  necessary  to  use  thoria-based 
electrolytes .  These  are  not  popular  nowadays 
because  of  the  radioactive  hazard  associated 
with  the  use  of  thorium.  Also  these  latter 
have  a  lower  conductivity  than  the 
corresponding  zirconia-based  electrolytes, 
and  can  only  be  used  at  low  temperatures 
(less  than  about  500°C)  with  liquid 
electrodes.  (2)  Thu  use  of  zirconia  as  a 
base  for  any  other  ionic  specie  measurement 
than  oxygen,  presents  the  electron 
conductivity  problem  again.  Despite  the 
ingenious  solution  to  the  problem  presented 
by  Jacob  et  al.,  who  used  a  secondary  point 
elctrode  with  a  catalytically  active  tip  to 
avoid  the  effects  of  the  oxygen  atom  flux 
through  the  electrolyte  resulting  from  the 
low  oxygen  potential,  it  is  desirable  to 
find  an  alternative  approach. 

One  other  use  of  fluoride  electrolytes 
which  should  be  mentioned  here,  is  the 
application  of  a  JaF>/BaC.>  mixture  by 
Collters  and  Belton  (6)  who  measured  the 
stabilities  of  chromium  carbides  with  cells 
such  as: 

Cr/Cr  C  I  BaF  t-BaC  I  Cr  C  /Cr  C 

6  1  2  2  '  a  6  7  J 

in  which  a  carbon  potential  gradient  in  the 
electrodes  establishes  a  barium  potential 
gradient  in  the  electolyte,  and  hence  the 
inversely  related  fluorine  potential 
grail  lent . 

From  the  examples  given  above  it  will 
be  clear  that  the  fluoride  electrolytes  hold 
promise  for  a  wide  range  of  application  in 
high  temperature  thermodynamics.  It  is  also 
clear  from  those  studies  that  the  technique 
of  imposing  an  alkaline  earth  potential 
gradient  or  a  fluorine  potential  gradient  by 
means  of  external  electrodes  produces  cells 
which  reach  a  steady  potential  only  over  a 
lono  period  of  time,  in  some  instances 
severa 1  days . 


The  solid  solutions  formed  by  alkaline 
earth  halides  such  as  CaF  -YF  and  SrF  -LaF 

2  3  2  3 

have  considerably  higher  electrical 
conductivities  than  the  corresponding  pure 
fluorides.  In  electrochemical  cells  based  on 
the  SrF^-LaF  electrolyte  it  has  been  found 
that  the  achievement  of  a  steady  potential 
in  an  electrochemical  cell  incorporating 
this  material  was  much  more  rapid  than  when 
the  pure  fluoride  was  used.  This  electrolyte 
has  formed  the  basis  of  the  studies  which 
are  now  presented. 

Experimental  Procedures 

The  preparation  of  polycrystalline 
SrF  -LaF  solid  solutions  must  be  made  under 

2  3 

glove-box  conditions  because  or  the 
hygroscopic  nature  of  these  fluorides.  In 
order  to  avoid  the  formation  of  surface 
oxides  due  to  hydrolysis  by  moisture  in  the 
air,  it  is  useful  to  mix  some  (NH  ) HF  with 
the  fluoride  mixture  before  pressing  into 
pellet  form  and  firing.  The  decomposition  of 
the  ammonium  bifluoride  leads  to  the 
evolution  of  HF  gas  during  the  firing 
procedure,  and  hence  fluorination  of 
contaminating  oxides  is  achieved  during 
fabrication.  After  firing  at  temperatures 
around  1100-1200°C,  the  material  becomes 
quite  insensitive  to  moisture  in  pellet 
form.  This  observation  does  not  preclude  the 
possibility  that  a  very  thin  layer  of  oxide 
forms  over  the  surface  of  the  pellet 
immediately  on  removal  from  the  furnace.  In 
the  present  stuies  a  two  phase  mixture  was 
prepared  by  adding  either  strontium  or 
lanthanum  oxides  to  the  fluoride  solid 
solution  in  order  to  use  this  dispersed 
mixture  as  an  oxygen-sensing  electrolyte. 
This  dispersed  phase  does  not  significantly 
change  the  electrochemical  or  conduction 
properties  of  the  electrolyte,  unkike  a 
dispersed  phase  of  Al^O^,  which  is  known  to 
enhance  the  conductivity  of  CaF^  (7).  In 
this  instance  it  serves  to  fix  the  strontium 
or  lanthanum  activity  and  hence  fluorine, 
potential  gradient  across  the  electrolyte 
when  it  is  in  contact  with  electrodes  which 
in  turn  impress  an  oxygen  potential  gradient 
as  in  the  cell 
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Cu/Cu  0  I  SrF  -LaF  ,SrO  I  Ni/NiO 

2  1  2  3  1 


This  electrolyte  funtions 

as  well 

as 

stabil: zed  zirconia  as 

the 

electrolyte 

in 

oxygen  galvanic  cells, 

and 

has  been 

used 

with  liquid  electrodes 

down 

to  300°C,  as 

in 

the  cell 

In(l)/InO  |  SrF  -LaF3,SrO  !  Sn(l)/Sn02 

for  which  EMFs  have  been  obtained  in 
agreement  with  those  calculated  from 
thermochemical  data.  In  fact,  Japanese 
workers  have  recently  demostrated  that  LaF3 
sigle  crystal  can  be  used  to  measure  the 
oxygen  content  of  water  at  room  temperature 
(8). 

After  tiring  the  electrolyte 

incorporating  SrO  or  La2°3  the  pellets 
should  be  stored  in  a  vacuum  desiccator,  but 
this  is  not  so  critical  as  with  other 
dispersed  phases.  The  dispersed  sulphide, 
SrS,  which  converts  the  SrF  -LaF 

2  3 

electrolyte  into  a  sulphur  potential  sensor 
was  difficult  to  use  satisfactorily  until  it 
was  realized  that  after  firing,  the  sulphide 
particles  at  the  surface  of  the  commposite 
electrolyte  were  hydrolyzed  to  yield  a  layer 
of  oxide  on  the  surface.  When  the  fired 
SrF^-LaF^ ,  SrS  pellet  was  heated  in  a  sealed 

quartz  ampoule  with  a  mixture  of  Ag,  Ag2S  to 
re-convert  any  superficial  oxide  to 
sulphide,  and  subsequently  stored  in  a 
desiccator,  no  difficulties  were 

encountered . 

A  hydrogen  sensign  electrolyte  has  been 
described  which  is  similar  in  operation  to 
the  fluoride  systems  described  above  by 
Gnanasekaran  et  al  (9).  This  electrolyte  was 
used  to  monitor  hydrogen  dissolved  in  liquid 
sodium,  and  uses  a  Li/LiH  reference 
electrode.  The  CaCl2~CaH2  system  has  a 
crystal  structure  in  which  hydrogen  and 
chloride  ions  occur  in  alternate  layers,  and 
has  a  hydrogen  ion  transport  number  close  to 
unity.  The  hydrogen  meter  which  was 
constructed  using  this  electrolyte 

450°C  in  liquid  sodium  for  two 
to  three  months  continuously.  For  such  a 


practical  application  the  meter  must  be 
rugged,  and  this  was  achieved  by  the  use  of 
thin-walled  iron  chambers  to  contain  the 
reference  electrode  and  electrolyte 
assemblies.  Rapid  chemical  equilibrium  for 
hydrogen  potentials  was  obtained  by 
diffusion  of  hydrogen  through  these  iron 
containers.  The  cell  construction  could  be 
described  as 

Na ( H)  |  Fe  |  CaCl2-CaH2  |  Li/LiH 

Finally,  a  carbon  sensing  composite 
electrolyte  has  been  prepared  with  a 
dispersion  of  LaC2  in  the  fluoride  base 
electrolyte,  and  this  is  best  sintered  in 
the  composite  pellet  form  surrounded  by  a 
layer  of  powder  of  the  same  composition  to 
maintain  the  carbide  dispersion. 

In  all  of  these  composite  electrolytes 
except  the  hydrogen  electrolyte,  the  base 
electrolyte  was  chosen  to  be  "0  mole  %  SrF2 
30  mole  %  LaF^,  as  this  was  found  to  have 
the  maximum  conductivity  in  the  solid 
solution  range  which  extends  up  to  at  least 
50  mole  %  LaF3-  The  dispersed  phase  was 
usually  present  to  the  extent  of  3-10  mole 
%.  This  prevents  dispersoid-dispersoid 
contacts,  and  hence  the  intrinsic  conduction 
properties  of  the  dispersoid  does  not  affect 
the  conduction  path  of  fluoride  ions  in  the 
electrolyte . 

RESULTS  AND  DISCUSSION 

The  Oxygen-Sensing  System 

The  use  of  oxide-dispersed  fluoride 
composite  electrolytes  can  only  be  justifed 
if  it  can  be  shown  that  there  is  an 
experimental  advantage  over  the 
well-established  zirconia  electrolyte.  This 
advantage  should  be  looked  for  either  in  the 
realm  of  lower  temperature  of  operation,  or 
in  lower  oxygen  potential  application.  As 
far  as  the  first  criterion  is  concerned, 
there  appears  to  be  little  advantage  over 
zirconia,  since  it  appears  that  the  sluggish 
response  of  cells  incorporating  this 
electrolyte  at  low  temperatures,  i.e.  below 
500°C,  is  usually  uue  to  kinetic  barriers  at 
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the  electrode/electrolyte  interface ( s ) ,  and 
not  due  to  the  performance  of  the 
electrolyte.  However,  at  the  low  oxygen 
potential  range  there  are  distinct 
advantages  over  zirconia.  The  electronic 
properties  of  the  dispersed  oxide  phase  do 
not  affect  the  performance  because  of  the 
lack  of  continuity  in  the  dispersoid.  The 
fluorides  are  amongst  the  most  stable 
fluorides  and  should  thus  be  unaffected  by  a 
low  oxygen  potential. 

As  an  initial  test  of  this  analysis, 
the  EMF  of  the  Cell 

Cr/Cr203  |  SrF?-LaFvSrO  |  NbO/NbO 

was  measured  and  found  to  yield  acceptable 
values  in  the  temperature  range  600-900°C. 
This  contrasts  with  the  values  of  Hoch,  Iser 
and  Nelken  (10)  which  gave  low  EMFs  because 
of  semiconduction  in  the  cell 

Nb/NbO  I  ZrO  -CaO  I  NbO/NbO 
'  2  1  2 

The  cell  used  by  Steele,  employing  a 
Th02-Y2°3  electrolyte  (11)  gave  accurate 
EMFs  but  only  above  850°C  for  the  cell 

NbO/NbO^  I  a  hO^-Y^O^  |  Fe/FeO 

In  this  case  the  fluoride  composite  has 
advantage  both  from  the  temperature  and 
oxygen  potential  point  of  view.  Preliminary 
results  indicate  that  this  electrolyte  may 
be  used  successfully  in  the  cell 

A1/A1303  |  SrF2-LaF3,SrO  |  Nb/NbO 

which  would  make  a  wide  new  range  of  studies 
possible  in,  for  example,  the  Ti-0,Zr-0 
systems  at  the  metal-rich  end. 

The  Sulphur-Sensing  System 

The  dispersion  of  SrS  in  the  fluoride 
electrolyte  has  been  tested  with  only  a  few 
electrodes.  Those  used  include 

Ag/Ag3S,Cu/Cu2S  and  Fe/FeS  in  the 
temperature  range  425-725°C.  The  cells 
incorporating  these  electrodes  displayed 
EMF ^  j.n  good  agrement  wrth  those  calculated 


from  literature  data,  but,  at  the  higher 
sulphur  potential  generated  by  the  Ag/Ag^ 
system,  there  was  evidence  of 
short-circuiting  after  a  few  hours  of 
operation  at  the  highest  temperatures  due  to 
vapour-pnase  transport  from  one  electrode  to 
the  other.  The  use  of  a  two  compartment  cell 
incorportaing  an  electrolyte  plug  in  an 
alumina  tube,  would  seem  preferable  for 
cells  with  high  sulphur  potential 
electrodes . 

Unfortunalely  the  sulphur-sensing 
electrolyte  cannot  be  tested  satisfactorily 
at  low  sulphur  potentials  because  of  the 

3 bsenrp  of  3 c CUTZwG  elytra 

with  which  to  compare.  This  is  principally 
because  the  H^H^S  gas-soiid  equilibrium 
technique  can  only  be  extended  to  partial 
pressures  of  H^S  down  to  about  10~6  atmos. 
Below  these  sulphur  potentials  the 
dissociation  pressure  of  sulphur  vapour  is 
too  low  to  measure  by  mass  spectrometer,  for 
example,  unless  the  temperature  is  very 
high.  Ther»  appears  to  be  a  large 
opportunity  to  exploit  this  new  technique  in 

the  study  of  stable  sulphides. 

The  Hydrogen-Sensing  System 

The  example  given  above  of  a  hydrogen 
meter  for  liquid  sodium  suggests  that  high 
temperature  hydrogen  sensors  based  on  other 
halide  electrolytes  could  be  developed. 

Apart  from  the  measurement  of  the 
stabilities  of  metal  hydrides,  which  this 
technique  makes  possible,  the  measurements 
of  hydrogen  solubilities  in  metal  alloys 
might  be  valuable  in  connection  with  the 
Fermi  surface  variation  with  composition 
(12).  This  technique  can  also  be  applied  in 
the  measurement  of  integral  Gibbs  energies 
of  formation  of  alloys  (13). 

The  Carbon-Sensing  System 

Experimental  work  is  in  hand  at  the 
Center  for  the  measurement  of  carbon 
potential  by  means  of  the  electrochemical 
cells 

r  I  SrF  -T  ;.7  t  i  M^/M0  c 

«.  J  e.  '  2 
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C  |  SrF  -LaF  ,  LaC  I  Cr/Cr  C  II 

1  2  3  2  1  23  6 

Cr/Cr  C  I  SrF  -LaF  ,LaC  I  Mo/Mo  C  III 

Clearly  the  IMF  of  cell  III  should  be  equal 
to  the  difference  between  those  of  cells  I 
and  II.  Results  are  complete  for  cells  I  and 
II  at  the  time  of  this  discussion  meeting, 
after  overcoming  a  number  of  experimental 
difficulties.  In  such  carbide  cells  it  is 
imperative  that  the  oxygen  partial  pressure 
be  kept  as  low  as  possible  so  as  to  avoid 
carbon  transport  in  the  vapour  phase  by  the 
Roudouard  ion 

C  +  CO  — »  2C0 

2  < - 

which  can  move  carbon  from  one  electrode  to 
the  other.  At  the  present  time,  the  use  of 
titanium  as  a  getter  at  800°C  for  the  argon 
stream  which  is  to  pass  over  the 

electrochemical  cell,  seems  to  have  achieved 
this  result.  Tantalum  foil  mounted  in  the 
ceil  was  found  to  be  unoxidized  after  a  few 
days  of  cell  operation.  The  cell  EMF 

responds  rapidly  to  temperature  change  and 
thus  the  electrolyte  holds  promise  as  a 
carbon  sensor.  The  complete  results  for  the 
triad  of  cel  Is  shown  above  should  be 
available  for  publication  in  the  near 

future . 
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Abstract . - 

The  Gibbs  free  energy  of  formation  of  an  "ideal"  glassy 
alloy  relative  to  the  stable  crystalline  phases  at  the  same 
temperature  can  be  deduced  by  use  of  thermodynamic  arguments .This 
paper  discusses  the  success  of  the  Gibbs  free  energy  of 
formation  curves  of  the  glassy  alloy  as  a  function  of  composition 
to  describe  the  glass  forming  ability  in  the  As2Se3-Sc,  Cb2Se3-Se 
and  As2Se3-Sb2Se3  systems . 


1 ■ -  Introduction 

Glasses  of  the  AS2Se3-Sb2Se3-Se  system 
have  applications  as  photoconductive  sensors 
and,  in  general,  as  semiconductor  materials. 
The  study  of  the  liquid  structure  and  its 
influence  in  the  metastable  states  to  -..’hich 
the  undercooled  liquid  will  evolve  gives 
further  insight  on  the  formation  of  glasses 
in  this  system.  The  liquid  structure  of  the 
elements  and  compounds  is  well  known.  Liquid 
Se  can  be  described  by  an  equilibrium 
between  polymeric  chains  and  ring  molecules 
(Keezer  and  Bailey  1967).  Liquid  As2Se3  is 
formed  mostly  by  bidimensional  grouping  of 
AsSe3/2  (Lucovsky  1969).  Finally,  liquid 
SbzSe3  contains  associated  complexes  of 
SbaSe3  (Satow  1978,  Ghosh  et  al .  1989). 

As  a  part  of  our  general  work  on  the 
study  of  the  mechanisms  responsible  for 
glass-forming  ability  ( GFA)  and  thermal 
stability  of  some  chalcogenide  melts,  we 
report  here  on  the  Gibbs  free  energy  of 
formation  of  the  glass  or  Gibbs  free  energy 
difference  between  the  "ideal”  glass  and  the 
stable  crystalline  phases  at  the  isentropic 
temperature  as  a  measure  of  the  driving 
force  for  eutectic  crystallization 
(Clavaguera-Mora  et  al.  1989).  The  Gibbs 
free  energy  of  formation  of  an  alloy  glass 
of  any  composition  within  the  ternary  system 
is  calculated  by  taking  into  account  the 
heat  capacity  difference  between  the  liquid 
?',d  the  crystalline  element  or  compound.  For 
the  solid  phast  we  assume  that  there  is  no 
miscibility  between  Se,  Ar:Se-»  and/or 
Sb2Ses.  For  the  liquid  phase  we  assume  tnat 
it  can  be  treated  as  a  strongly  associated 
regular  (SAR)  solution  (Clavaguera-Mora  and 
Clavaguera  1982).  The  results  obtained  are 
correlated  with  the  known  glass  forming 
region  in  the  system. 

2 ■ -  Thermodynamic  approach 

The  goal  of  this  study  is  to  discuss 
and  make  reasonable  predictions  of  glass 
formation  in  a  simple  eutectic  system  by 
calculating  the  Gibts  free  energy  of 


formation  of  a  glassy  alloy.  The  calculation 
needs  a  model  for  the  liquid  solution  and 
its  transformation  into  a  glassy  alloy.  We 
will  assume  that  the  liquid  phase  is  formed 
by  AsSe3/z  and/or  Sb2Se3  complexes  in 
thermodynamic  equilibrium  with  the 

(uncombined)  As,  Sb  and  Se  atoms.  The 
assumption  of  the  existence  of  complexes  is 
not  new  as  it  was  already  stated  by  Berkes 
and  Myers  (1971).  The  equilibrium  condition 
leads  to  the  following  equations 

X  K=x  x3/2 

AsSe3/2  1  As  Se 


SbzSe3 


„  2  3 

K  =  x„.  xc„ 
2  Sb  Se 


where  xj  are  the  molar  fractions  of  the 
different  species  j  ( j=AsSe3/2.  SbzSe3,  As, 
Sb,  Se)  and  Ki  and  K2  the  ideal  dissociation 
equilibrium  constants  for  the  associated 
liquid  solutions. 


The  values  of  these  dissociation 
constants  as  well  as  of  the  interaction 
parameters  between  the  main  especies  have 
been  adjusted  in  order  to  reproduce 
correctly  the  experimental  binary  phase 
diagrams .  The  heat  capacity  difference,  ACP, 
between  the  liquid  and  the  solid  was 
estimated  from  direct  measurement  of  the 
heat  capacity  jump  at  the  glass  transition 
(Mahadevan  et  al.  1986).  The  thermodynamic 
input  data  used  for  the  calculations,  apart 
from  ACp,  are  the  melting  point,  T»,  and  the 
enthalpy  of  fusion,  AH»,  of  each  crystalline 
phase,  reported  in  Table  1. 


To  calculate  the  Gibbs  free  energy  of 
formation  of  the  alloy  glass  we  assume  that 
the  liquid  alloy  may  exist  in  a  metastable 
state  down  to  Luo  isentropic  temperature  Ts 
at  which  its  entropy  will  be  equal  to  that 
of  the  3table  crystalline  phases.  At  that 
temperature  it  will  become  an  “ideal"  glass 
with  a  heat  capacity  equal  to  that  of  the 
mixture  of  the  stable  crystalline  phases 
(Clavaguera-Mora  and  Clavaguera  1989). 


3 . -  Results 

We  will  present  successively  the 
results  rf  the  calculations  in  the 
AS2Se3-Se,  Sb2Se3-Se  and  As2Se3-Sb2Se3 
systems . 

3.1. -  AS2Se3-Se  system 

The  calculated  phase  diagram  is  shown 
in  the  upper  part  of  Fig.  1  together  with 
the  experimental  points  (Dcmbcvskii  and 
Luzhnaya  1964;  Myers  and  Felty  1967). 
Keeping  the  coordination  numbers  3  for  As 
and  2  for  Se,the  best  fit  is  obtained  taking 
AsSe3/2  as  the  associated  species  for  the 
liquid  solution  with  an  ideal  dissociation 
constant  Ki=. 00001  and  an  interaction 
parameter  between  the  main  species  AsSe3/2 
and  Se  of  -1.0  kj/mol.  The  calculated 
eutectic  composition  is  16  at.%  As  and  the 
eutectic  temperature  is  414  K.  The 
calculated  isentropic  Ts  curve  is  shown  in 
the  lower  part  of  Fig.  1.  The  Gibbs  free 
energy  of  formation,  AGr ,  of  the  "ideal" 
glassy  alloy  (with  respect  to  the  stable 
mixture  of  As2Se3  and  Se)  is  plotted  as  a 
function  of  composition  in  Figure  2.  AGr  is 
independent  of  the  temperature  because  as 
regards  to  the  assumption  we  made  the 
entropy  of  the  "ideal"  glass  is  equal  to 
that  of  the  crystal.  According  to  a  previous 
paper  (Clavaguera-Mora  and  Clavaguera  1989), 
AGf  scales  as  AH*  and  glass  formation  of 
stochiometric  alloys  from  the  liquid  is 
expected  if  0 . 2<AGc  /  AHm<0 . 3  .  The  broken 
lines  in  Fig.  2  correspond  to  these  limiting 
values  for  AGr.  It  can  be  concluded  that  G^A 
is  thermodynamically  favored  in  this  system. 
This  is  in  agreement  with  experimental 
findings.  Flaschen  et  al.  (1960)  firstly 
reported  that  glasses  are  easily  obtained  by 
fusing  the  components  in  the  entire  glass 
formation  range  from  elemental  Se  to  alloys 
containing  -  60  at.%  As. 

3.2. -  Sb2Sei-Se  system 

The  calculated  phase  diagram  including 
the  calculated  values  of  Ts  are  shown  in 
Fig.  3  together  with  the  experimental  phase 
diagram  determinations  (Parravano  1913; 
Myers  and  Berkes  1972).  The  best  theoretical 
fit  to  the  experimental  results  is  obtained 
by  taking  K2=.001  and  a  value  of  4.0  kJ/mol 
for  the  interaction  parameter  between  the 
main  species  Se  and  Sb2Se3.  The  Gibbs  free 
energy  of  formation  of  the  alloy  glasses  is 
shown  in  Fig.  4.  The  broken  line  in  Fig.  4 
relies  the  values  of  0.3  times  AHm  for  the 
components  Se  and  Sb2Se3.  Therefore,  the 
Gibbs  free  energy  of  formation  is  quite 
large  compared  to  0.3  times  the  melting 
enthalpies  of  the  components.  As  expected 
from  reported  glass  forming  regions  in  the 
As-Sb-^e  -”.;ter  (Borisov..  1381)  and  other 
ternary  systems  (Bord-'s  et  al.  1990  ),  GFA  is 
thermodynamically  ver>  poor  in  this  system. 

3.3. -  Aszse-i- Sb2Se3  system 

The  experimental  phase  diagram  was 
determined  by  Berkes  and  Myers  (1971). 
According  to  these  authors  it  is  a  simple 
eutectic  diagram  with  an  eutectic 
composition  of  12.6  mol.%  Sb2Se3  and 


Table  1.-  Enthalpies  AHm,  and  temperatures 
Tm,  of  melting  and  heat  capacity  difference 
ACp,  between  the  liquid  and  the  solid. 


AHm 

(kj/g.at) 

Tm 

(?) 

ACp 

{ J/g.at ) 

Se 

5.86 

493 

12. 4a 

As2Se3 

8.16 

650 

14 . 6b 

Sb2Se3 

10.75 

888 

12. 0b 

a:  Clavaguera-Mora  et  al.  (1990) 
b:  Mahadevan  et  al.  (1986) 


Se  Atom  fraction  As  As2Se3 


Fig.  1.-  Full  lines  show  the  calculated 
phase  diagram  and  Ts  curves  for  the 
AS2Se3-Se  system.  Dotted  lines  show  the 
experimental  phase  diagram  after  Dembovskii 
and  Luzhnaya  (1964).  Dashed  lines  correspond 
to  experimental  phase  diagram  after  Myers 
and  Felty  (  1967  )  . 


Se  Atom  fraction  As  As2  Se3 

Fig.  2.-  Calculated  Gibbs  free  energy  of 
formation  of  an  alloy  glass  for  the  system 
As2Sea-Se.  -  -Line  that  relies  the  values 
corresponding  to  0.3  AHm  for  Se  and  AS2Sea. 
-  Idem  for  the  values  of  0.2  AHm. 
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eutectic  temperature  636±5  K.  Fig.  5  shows 
the  experimental  points,  the  calculated 
phase  diagram  and  the  Ts  curve.  Calculations 
were  performed  assuming  an  ideal  association 
model  behaviour  for  the  liquid  phase.  The 
calculated  eutectic  composition  and 
temperature  are,  respectively,  6.5  at.%  Sb 
and  627  K.  Association  remains  very  strong 
for  liquid  alloys  of  the  system  as  can  be 
seen  in  figure  6  where  the  molar  fractions 
of  the  main  chemical  species  of  the  system 
are  plotted  as  a  function  of  composition. 
Fig.  7  gives  the  Gibbs  free  energy  of 
formation  of  an  "ideal"  glassy  alloy  of  the 
system.  The  broken  line  relies,  as  in  fig. 
4,  the  values  corresponding  to  0 . 3AHm  for 
the  two  line  compounds.  Therefore, 
thermodynamically  the  best  glass  forming 
compositions  in  this  binary  lie  in  the 
nearby  of  20  at.%  Sb  which  is  a  composition 
rather  far  from  the  eutectic  one. 
Experimental  glass  forming  region  as 
reported  by  Borisova  (1981)  and  presented  in 
Fig.  8  shows  that  glasses  are  easy  to  form 
when  the  Sb  content  is  less  than  -22  at.%. 
This  result,  compared  to  our  calculations, 
reinforces  the  importance  of  the  thermo¬ 
dynamic  criteria  on  glass  formation. 


Conclusions 

We  have  applied  here  the  thermodynamic 
criteria  of  glass  formation  to  systems  in 
which  the  chemical  ordering  is  very 
important  in  the  liquid  and  glassy  states. 
The  main  assumption  introduced  to  obtain  the 
Gibbs  free  energy  of  formation  of  an  alloy 
glass  was  to  treat  the  liquid  as  a 
SAR-solution .  The  parameters  involved  are 
the  ideal  equilibrium  constants  and  the 
interaction  energies  between  the  main 
species.  These  parameters  were  adjusted  to 
reproduce  the  experimental  phase  diagram. 
The  values  obtained  for  them  are  consistent 
with  the  main  assumption  we  made.  That  is: 
(a)  the  equilibrium  constants  have  values 
low  enough  to  undertake  strong  associated 
treatment,  and  (b)  the  absolute  values  of 
the  interaction  energies  are  relatively  low 
( <RT )  for  the  regular  approximation  to  be 
valid . 

For  the  three  binary  systems 
considered  the  Gibbs  free  energy  of 
formation  has  values  in  the  nearby  of  those 
predicted  for  good  glass  forming  systems 
(Clavaguera-Mora  and  Clavaguera  1989). 
Assuming  that  GFA  is  inversely  proportional 
to  AGf ,  the  trend  of  the  Gibbs  free  energy 
curves  versus  composition  agrees  with 
experimental  determination  of  GFA. 
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Fig.  3.-  Calculated  phase  diagram  and  Ts 
curve  for  the  Sb2Se3-Se  system.  (*) 

Experimental  phase  diagram  data  after 
Parravano  (1913).  (A)  Experimental  data 

after  Myers  and  Berkes  (1972). 


Se  Atom  fraction  Sb  Sb2 Se3 

Fig.  4.-  Gibbs  free  energy  of  formation  of 
an  alloy  glass  in  the  Sb2Sej-Se  system. 


Fig.  5.-  Calculated  phase  diagram  and  T» 
curve  for  the  As2Se3-Sb2Se3  system.  (*) 
Experimental  phase  diagram  data  after  Berkes 
and  Myers  (1971)  . 
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Abstract.  - 


Materials  which  must  be  described  in  terms  of  three  or  four  chemical  components  are 
common  today  in  nearly  all  areas  of  materials  science  and  technology.  Unfor  Lunately ,  the 
three  dimensional  nature  of  isobaric  ternary  and  isobaric,  isothermal  quaternary  phase 
diagrams  has  limited  the  effective  use  of  such  diagrams.  In  the  present  work  the  authors 
explored  the  utilization  of  the  " sol i d-mode i i ng "  capabilities  of  a  Computer  Aided  Design 
(CAD)  system  to  address  the  problem  of  three-dimensional  phase  diagram  r e p r e s e n ta t i o n  for 
phase  diagram  users. 

Relevant  3-D,  isobaric  phase  diagrams  for  a  hypothetical  quaternary  eutectic  system 
were  constructed  (using  input  data  similar,  in  kind  and  amount,  to  experimental  data  commonly 
found  in  the  literature),  displayed  in  various  ways  intendea  to  aid  visual  comprehension,  and 
manipulated  to  extract  numerical  information  and  create  planar  sections. 

The  authors  concluoed  that  CAD  systems  offer  many  advantages  relative  to  computer 
programs  which  have  been  developed  specifically  for  phase  diagram  r ep r esen ta t i on .  These 

advantages  include:  powerful  and  versatile  geometrical  entity  generation  methods, 
sophisticated  display  features,  ease  of  use,  and  wide  a va i 1  a b i 1 i ty .  However,  it  is  also 
pointed  out  that  only  through  the  use  of  solid-modeling  can  the  full  advantages  of  CAD  system 
representations  of  3-D  phase  diagrams  be  realized. 


1.  -  I n t r o due ti on . 

In  the  preface  to  the  1964  English 
translation  of  “Phase  Equilibria  in 
Multicomponent  Systems",  the  authors  noted 
"It  would  be  hard  oday  to  find  a  single 
branch  of  industry  and  technology  that  does 
not  make  extensive  use  of  multicomponent 
alloys  and  other  multicomponent  materials" 
(Palatnik  and  Landau  1964).  During  the 
ensuing  26  years,  intense  research 
activities  involving  "super  alloys", 
ceramics  for  structural  or  electronic 
applications  and  geological  materials,  to 
name  but  a  few  examples,  have  increased  the 
scientific  and  technological  relevance  of 
multicomponent  phase  equilibria.  However, 
in  spite  of  a  well  documented  understanding 
of  the  "rules"  governing  the  topology  of 
phase  diagrams  for  three  and  four  component 
systems  (the  simplest  of  multicomponent 
systems),  the  unwieldiness  of  the  necessary 
Chree-dimensional  (3-D)  r ep r e s en ta t i ons  has 
often  diminished  the  effectiveness  and 
discouraged  the  use  of  such  diagrams. 

2 .  -  Background  . 

Phase  equilibria  in  binary  systems  at 
constant  pressure,  may  be  fully  expressed  as 
a  function  of  2  independent  macroscopic 
variables  (i.e.,  composition  and 
temp e r a tu r e  )  ,  thus  allowing  two  dimensional 
graphical  r ep r esen ta ti on .  With  each 
additional  chemical  component,  an 
independent  composition  variable  is  added  to 
the  system.  thus,  ternary  phase  diagrams 
consist  of  two  independent  composition 
variables  (usually  plotted  in  "Gibbsian" 
coordinates  within  an  equilateral  triangle) 
and  the  temperature  variable  (typically 


represented  on  an  axis  normal  to  the  plane 
of  the  triangle).  In  such  a  ternary 
diagram,  phase  equilibria  for  the  pure 
components  are  depicted  at  the  vertices  of 
the  Gibbs  triangle,  the  three  binary 
subsystems  alone  the  sides  of  the  triangle 
and  the  ternary  system  within  the  interior 
volume.  For  quaternary  phase  equilibria, 
the  three  independent  composition  variables 
are  typically  plotted  within  a  regular 
tetrahedron  (the  "Roozeboom  tetrahedron”) . 

A  fourth  dimension  would  be  required  to 
explicitly  display  temperature  information, 
therefore  each  tetrahedron  represents 
isothermal  quaternary  phase  equilibria. 
Analogous  to  the  ternary  diagram,  each 
vertex,  edge  and  side  represents, 
respec ti vely ,  isothermal  sections  through 
unary,  binary  and  ternary  subsystems. 

The  difficulties  of  working  with 
three  dimensional  diagrams  have  prompted 
the  development  of  several  alternative 
r e p r e s en ta t i o n s .  For  example,  polythermal 
projections  of  both  ternary  and  quaternary 
diagrams  are  commonly  used  (Prince  1966)  as 
well  as  two  dimensional  schematic 
representations  of  quaternary  monovariant 
paths  (Schairer  1942).  Such  techniques  are 
quite  useful  (as  evidenced  by  their  wide 
acceptance),  however,  they  are 
simplifications  and  by  their  nature  contain 
only  a  subset  of  the  useful  information 
available  in  the  explicit  three  dimensional 
representations . 

Faced  with  the  obvious  difficulties 
of  visualization  and  conceptualization  of 
three  dimensional  phase  -j;agrams,  workers 
have  presented  such  diagrams  using  a 
variety  of  media  including  wire  models. 
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c^.ay  or  plastic  sculptures,  and 
multi-colored  line  drawings 
which  produce  a  '3-D  effect'  when  viewed 
through  special  eye-glasses.  Notis  and 
T arby  (1986)  have  presented  a  more  complete 
list  o*  these  techniques,  including 
references . 

It  should  be  realized,  however,  that 
visual  representation  is  only  one  of  three 
major  problems  which  often  confront 
researchers  who  would  apply  3-0  phase 
diagrams  to  their  work.  In  may  cases, 
reliable  th e rmody nam i c  models  for  a 
particular  sys  em  are  unavailable,  and 
workers  must  construct"  the  phase  diagrams 
from  experimentally  determined  data. 
Furthermore,  experimental  data  are  usually 
incomplete;  various  quasi-binary  or 
quasi -  ternary  sections  along  with 
polythermal  projections  may  be  ail  the 
Information  that  is  available  for  quaternary 
systems.  Construction  of  3-D  phase  diagrams 
from  this  information  -equires  the  use  of 
interpolation.  He  ever,  standard  graphical 
interpolation,  which  works  simply  and 
directly  in  two  dimensions,  becomes 
overwhelmingly  difficult  in 

three-dimensional  space.  Thus,  construction 
of  3-D  phase  diagrams  from  avaix^tle  data 
can  be  a  major  oostacle  for  those  who  would 
make  use  of  such  diagrams.  Finally,  after 
construction  and  display  have  been  suitably 
managed,  there  remain  the  obvious 
difficulties  associated  with  extracting 
information,  both  numerical  and  geometrical, 
from  3-D  phase  diagrams. 

In  order  to  address  these  difficulties 
and  thereby  facilitate  the  use  of 
th r ee-d imens i ona 1  phase  diagrams,  the 
present  work  explores  the  use  of  a 
commercially  available  computer  aided  design 
(CAD)  software  package  in  the  construction, 
display,  and  manipulation  of  ternary  and 
quaternary  phase  diagrams.  It  should  be 
noted  that  the  use  of  computers  for  phase 
diagram  representation  is  not  new,  but  dates 
back  nearly  30  years.  An  excellent  overview 
cf  such  work  is  provided  by  Massalski  (1989). 
It  is  not  the  authors’  intention  to  provide 
a  review  of  the  literature  on  this  subject, 
although  the  results  of  the  present  work 
will  be  discussed  partly  in  terms  of  these 
previous  efforts. 

3.  -  Procedure. 

In  order  to  determine  the  usefulness 
of  the  CAD  system  for  the  representation  of 
3-D  phase  diagrams  and  to  develop  efficient 
techniques  for  utilizing  the  capabilities  of 
the  system,  a  hypo  the ti ca 1 .  symmetrical 
quaternary  eutectic  diagram  was  constructed 
and  manipulated. 

3 .  1 _ -  Equipment. 

The  computer  hardware  chosen  for  this 
work  consisted  solely  of  a  SUN  4  workstation 
(aka,  SPAPC).  The  workstation  was  comprised 
of  a  central  processor,  external  hard  drive. 


high  resolution  graphics  monitor  and  a 
c o nwe n t i o n a  1  "mouse".  It  is  similar  in 
siz°  to  a  personal  computer,  sells  for 
approximately  twxce  the  cost  of  a  high 
guality  PC,  but  has  tremendously  greater 
capabi 1 i ti es .  The  software  chosen  was 
I-DEAS  (Integrated  Design  Engineering 
Analysis  Software)  level  4.0  created  by 
Structural  Dynamics  Research  Corporation 
and  released  in  1988.  I-OEAS  was  chosen 
largely  because  of  its  solid-modeling 
capabilities  and  powerful  display  features. 

3.2  -  Overall  Approach. 

Experimental  data  for  phase 
equilibria  in  four  component  systems  are 
hierarchical  ,  that  is,  the  data  are  most 
certain  and  complete  for  the  binary 
subsystems  with  reliability  and 
availability  of  data  p r o g r e s s i ve 1 y 
decreasing  as  additional  chemical 
components  are  added  to  the  system.  In 
order  to  develop  a  technique  that  would  be 
applicable  to  real  systems,  input  data  to 
be  used  for  the  hypothetical  system 
constructed  in  the  present  work  were  chosen 
to  be  similar  to  data  which  are  typically 
available  in  the  literature.  Binary 
subsystems  were  assumed  to  be  completely 
described.  Data  for  the  ternary  subsystems 
consisted  of  the  information  typically 
available  from  two  dimensional  polythermal 
liquidus  projections  of  ternary  space 
models,  supplemented  by  minimal  subsolidus 
information.  Finally,  data  for  the 
interior  of  the  quaternary  system  consisted 
only  of  points  along  the  monovariant 
r  eac  t i on  pa  ths  . 

The  overall  procedure  for 
constructing  the  3-D  quaternary  isotherms 
was  designed  to  take  advantage  of  the  more 
completely  determined  low-order  systems. 

The  binary  systems  were  constructed  first. 
Data  points  were  entered  and  displayed  in 
the  binary  composition-temperature  plane. 
Points  were  spline  fit  to  form  the  phase 
boundaries  (curves).  Binary  subsystems 
were  then  combined  to  define  the  sides  of 
the  ternary  space  models.  Data  points  for 
the  interior  of  the  space  models  were 
entered  and  curves  were  fitted  to  these 
points,  thus  completing  the  wireframe 
(i.e.,  curves  in  3-D  space)  r e p r e s e n ta t i o n s 
of  the  ternary  diagrams.  The  relatively 
more  complete  information  for  the  binary 
subsystems  was  in  this  way  used  to  aid  in 
the  construction  of  the  ternary  diagrams. 
The  ternary  space  models  were  subsequently 
completed  by  utilizing  a  variety  of  surface 
generation  techniques  available  with  the 
I-DEAS  software.  In  many  cases  (e.g., 
3-phase  regions  and  liquidus  surfaces)  the 
available  data  were  sufficient  to  precisely 
define  the  surfaces.  In  other  cases  (e.g., 
solvus  surfaces),  where  only  the  surface 
edges  and  a  few  internal  points  were  known, 
surfaces  were  generated  using  least  squares 
or  i n te r po 1  a t i on  fits.  Isothermal  sections 
were  then  taken  through  the  completed 
ternary  diagrams.  These  cross-sections 
were  subsequently  combined  to  form  the 
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exterior  surfaces  of  the  quaternary 
isothermal  tetrahedra.  Analogous  to  the 
procedure  used  to  build  the  ternary  space 
monels,  interior  data  points  were  entered, 
curves  fitted  to  form  wireframes,  and 
surfaces  created  over  the  curves. 

It  shou  d  b «  noted  that  three  short 
programs  were  written,  using  a  high  level 
programming  language  (Ideal)  provided  in  the 
I-DEAS  environment.  These  programs 
converted  between  the 

temperature/composition  coordinates  of  phase 
diagram  space  and  the  internal,  Cartesian 
coordinates  of  the  CAD  system,  as  well  as 
calculating  phase  fractions  present  in 
monovariant  regions,  gwen  bulk  corr.DOsition 
and  tempe  -ture  as  input  information. 

4.  -  Results. 

Solid  models  representing  three 
quaternary  isotherms  (Pig.  1)  and  the 
ternary  subsystems  were  created.  For  any 
given  diagram,  each  pnase  region  was  created 
and  stored  as  a  separate  solid  object  with 
an  appropriate  name  (e.g..  Alpha  +  Liquid, 
for  the  2-phase  alpha-liquid  region).  The 
complete  phase  diagram  was  created  by 
defining  a  ‘system"  composed  of  the 
indiviaual  phase  r e g i o r>z  (each  having 
associated  with  it  a  spatial  orientation). 
Figure  2  shows  a  "system"  composed  of  the 
stored  phase  regions  for  a  ternary 
subsystem.  However,  in  this  figure,  the 
system  was  defined  t ^  include  translation 
vectors  for  each  phas*  region,  thus  moving 
the  regions  apart  to  create  the  "exploded" 
conf igura tion  shown.  Each  surface  is 
described  by  facets  (used  for  shaded  image 
displays  and  for  defining  cross-sections 
during  cutting  operations)  as  well  as  having 
a  mathematical  r ep r esen ta tion  (nonuniform 
rational  B-spline  surface  modeling  is  used). 
The  faceted  display  can  be  refined,  almost 
instantaneously,  producing  facets  (up  to 
7500  facets  per  phase  reqion)  which  deviate 
only  negligibly  from  the  mathematical 
surface.  This  dual  representation  allows 
efficiency  of  file  storage  y^t  highly 
precise  representations  for  display  and 
man i pu 1  a tion 

Visual  comprehtnsion  of  the  complex 
3-D  diagrams  was  aided  by  a  number  of 
sophisticated  display  features.  "Dynamic 
viewing"  allows  rotation  of  diagrams  (in  3-D 
space)  zooming,  and  diagram  translation  to 
be  accomplished  continuously,  i n te r ac ti ve 1 y , 
and  in  real  time,  by  movement  of  the  "mouse" 
about  its  pad.  These  same  view  changes  can 
be  accomplished  non-c on t i nuous 1 y  simply  by 
entering  appropriate  values  from  the 
keyboard  (e.g.,  degrees  of  rotation  about 
each  axis).  As  already  alluded  to,  displays 
which  include  shaded  surfaces  were  created 
to  aid  in  visual  comprehension.  A  wide 
variety  of  attributes  can  be  assigned 
individually  for  each  shaded  surface.  The 
most  useful  among  these  attributes  proved  to 
be  surface  color  and  degree  of  transparency . 
Furthermore,  line-drawings  (e.g., 
composition  coordinate  grids)  can  be 


Fig.  1.  A  «ubsol idus  quaternary  isotherm. 


Fig.  2.  An  'exploded'  view  of  the 
solid-model  for  a  ternary  eutectic  diagram. 


combined  and  superimposed  upon  shaded 
images  to  create  a  variety  of  useful 
displays  . 

Extraction  of  information  from  the 
3-D  phase  diagrams  was  facilitated  by  a 
number  of  capabilities  of  the  CAD  system, 
many  of  which  have  already  been  mentioned. 
The  composition  and  temperature  of  any 
point  on  a  surface  or  curve  can  easily  be 
accessed.  Given  a  temperature  and  a  bulk 
composition  lying  within  a  monovariant 
reaction  region,  the  fraction  of  each  phase 
present  can  also  be  easily  accessed. 
Furthermore,  tie-lines  were  stored  as  line 
drawings  and  superimposed  upon  the 
appropriate  phase  regions  to  aid  in  phase 
fraction  determination  in  multivariant 
phase  regions.  Finally,  planar  sections 
through  the  3-D  diagrams  were  quickly  and 
conveniently  generated  using  a  variety  of 
input  information  to  orient  the  "cutting 
plane"  as  desired. 
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S_. _ -  Discussion. 

As  mentioned  ’^ove,  various  computer 
methods  for  the  representation  of  phase 
diagrams  have  been  proposed  and  used.  Much 
of  the  work  in  this  area  has  been  aimed  at 
creating  computer  programs  which  would  be 
dedicated  to  one  or  more  aspects  of  phase 
diagram  representation.  Although,  to  the 
author's  Knowledge,  none  have  been  in’  ended 
ori.narily  to  assist  researchers  working  with 
mu  1 f i c omp o n e n t  materials  in  the  efficient 
development  (from  available  experimental 
data)  and  use  of  3-D  phase  diagrams. 
Furthermore,  the  wide  availability  and 
reasonable  cost  of  CAD  systems  have  proviced 
r searchers  with  powerful  new  tools; 
t  r  emend  o  u  s  resources  have  been  devoted  to 
t n c  development  of  these  systems,  thus 
providing  several  advantages  for  the  user. 
ynese  often  include  (as  is  true  for  the  CAD 
s y  stem  used  in  the  present  work):  dynamic 
w-  L  *  w  i  r  q  ,  the  ability  to  create  shaded 
■■  u  r  face  displays  using  a  variety  of 
■  o  d  n  i  t  i  c  a  t  e  d  display  attributes  (including 
t.anslucency).  the  CuH^bility  to  utilize 
non  uniformly  spaced  input  data,  faceted 
representations  of  surfaces  which  can  be 
non  uniformly  spaced  (allowing  finer  facets 
in  more  complex  areas),  the  use  of 
non  uniform  rational  B-spline  curves  and 
surfaces  (allowing  complex  areas  to  be 
modelea  without  introducing  unwanted 
inflection  joints),  and  the  immediate 
display  of  data  entered  and  geometry 
generated  to  allow  interaction  on  the  part 
of  the  user.  hoeover,  CAD  programs  are 
high  level,  met,  driven  programs  which  do 
not  require  the  user  to  possess  advanced 
programming  skills. 

In  spite  of  the  merits  of  CAO  systems 
for  phase  diagram  appl ications  ,  very  few 
researchers  have  attempted  to  utilize  CAD 
systems  for  this  work.  To  the  authors’ 
knowledge,  previous  work  using  CAD  systems 
(e.q..  Roeder  et  al  (1986)  was  limited 
larqely  or  entirely  to  wireframe 
representations.  Un fortunately,  without 
solid -modeling,  many  of  the  advantages  of 
CAD  representations  of  3-D  phase  diagrams 
are  sacrificed.  The  lost  capabilities 
include:  shaded  surface  displays,  efficient 
and  self-consistent  generation  of  planar- 
sections  throuqh  diagrams,  and  self 
consistent  determination  of 
composition-temperature  coordinates  for 
phase  boundary  surfaces. 

6 .  - _ C o  n elusions. 

rhe  results  obtained  using  the 
hypothetical  quaternary  eutectic  system 
indicate  the  potential  usefulness  of  this 
procedure.  Given  the  successful  results  of 
the  procedure  with  the  type  of  input  data 
used,  it  is  reasonable  to  ► . e c t  that  the 
process  should  be  applicable  to  many  real 
systems.  Currently,  this  procedure  is  being 
applied  to  a  real  quaternary  system 
( Ca0-Al203-Mg0-$i02^  which  is  relevant  to 
the  authors’  study  of  s o 1 i d i f i c a t  i  o n 
phenomena  in  geological  materials. 


It  is  envisioned  that  the  use  of 
this  technique  (or  similar  techniques  which 
could  be  developed  utilizing  other  CAD 
systems  with  solid-modeling)  could  allow 
researchers  to  make  use  of  ternary  and 
quaternary  phase  diagrams  with  somethi  j 
approaching  the  facility  which  has 
heretofore  only  been  attainable  with  binary 
phase  d i ag  r  ams . 
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Abstract  : 

The  electronic  structure  and  cohesive  properties  of  transition  metal 
carbides  in  NaCl  structure  are  studied  on  the  basis  of  a  t ig h t - b i nd i n g  recursion 
method.  The  electronic  structure  is  analyzed  in  terms  of  a  p-d  interaction 
between  the  p  orbitals  of  .arbon  and  the  d  orbitals  of  the  transition  metal.  A 
good  agreement  is  found  with  the  most  sophisticated  calculations  like  the  ones 
based  on  the  AD\V  method.  Concerning  the  cohesive  properties  of  these 
compounds  we  have  calculated  the  heats  of  formation  of  (Ti,  Zr,  Hf,  V,  Nb. 
Ta)-C  and  compared  with  the  experimental  values.  We  are  able  to  interpret  the 
evolution  • f  the  experimental  values  when  we  go  through  a  column  or  a  row  in 
Mendeleiev's  table. 


I .  -  I  ntrod  uction 


Model 


T  r  a  n  r  :  i  o  n  metal  c  a .  b  i  d  e  s  which 

crystallize  in  the  NaCi  structure  have  long 
been  of  specia'  Interest  because  of  their 
unusual  combin.tion  of  properties  such  as 
high  melting  point  ultrahardness  and  metallic 
conductivity.  These  compounds  usually 
present  important  deviations  from 

stoechiometry,  due  to  a  high  concentration  of 
metalloid  vacancies,  these  vacancies  having  a 
s.rtng  influence  on  the  measured  values  of  all 
physical  properties  of  the  "om  pounds.  To 
attempt  to  explain  all  these  properties, 
extensive  experimental  and  theoretical  studies 
on  the  electronic  properties  as  well  as  on  the 
phonon  spectra  have  been  performed  over  the 
past  several  years.  The  binding  mechanism  has 
been  investigated  by  Schwarz  (  1977)  and  the 
calculated  densities  of  states  show  a  low 
energy  n  .  row  band  due  to  the  s  electrons  of 
the  carbon  and  a  higher  conduction  band 
mainly  due  to  tre  hybridization  between  the  p 
states  of  the  carbon  and  the  d  states  of  the 
metal.  This  p-d  hybridization  has  been  shown 
to  be  of  great  importance  in  the  interpretation 
of  the  energies  of  formation  of  the  transition 
metal-aluminium  or  silicon  compounds 
(Pasture!  et  al  1982,1984).  In  this  paper,  we 
propose  to  use  this  simple  scheme  to  explain 
the  thermodynamic  behaviour  of  (Ti,  Zr,  Hf, 
V,  Nb,  Ta)-C  compounds  crystallizing  in  the 
NaCl  structure,  or  in  other  terms,  how  the 
energy  of  formation  of  a  transition  metal 
carbide  varies  when  we  go  through  a  column 
or  a  row.  To  investigate  the  energy  of 
formation,  we  have  chosen  to  use  the 
recursion  method  of  Haydock  et  al.  (1972) 
within  the  tight-binding  appro  ch  to  describe 
the  p-d  hybridization  ,  the  method  allows  one 
to  analyze  the  local  density  of  states,  a  basic 
physical'  quantity  of  the  electronic  structure 
of  a  solid.  Within  the  '  i  g  h  t- b  i  n  d  l  n  g  scheme, 
one  can  charge  easily  interactions  in  order  to 
study  tneir  influence  on  the  local  density  of 
states,  as  it  is  done  in  the  present  study  by 
"switching  off"  the  nearest  neighbour 
interactions  between  p-  and  d-  electrons. 


To  describe  the  energetic  interactions 
in  the  carbide,  we  start  from  the  tight-binding 
Hamiltonian  which  car  be  written  : 


H  =  X 
n 


1 


I 

n,  m 


L  p'n  ln,Xj>  e^1  <  n,Xj  I 
Xj  1 


I 

M 


I  Pn  I  n,Xj  > 

^iPj 


^iPj 

fnm 


m,|4j 


Pn 


(1) 


where  the  indices  i,  j  label  the  ch<-"-ieal  nature 
of  the  atoms.  p'n  =  1  if  the  site  n  is  occupied 

by  an  atom  of  type  i  and  p^  =  0  otherwise. 

I  n ,  X  j  >  is  the  atomic  orbital  X  j  (2  p  for  C  and 
3d,  4d  or  5d  for  M)  centred  on  site  n  and  e^-1 

t 

is  the  atomic  energy  level  corresponding  to  he 

orbital  Xj  at  site  n.  Finally,  B^'Pj  is  the 

n  m 

hopping  integral  between  the  Xj  orbital  at  site 

n  and  the  Ui  orbital  at  site  m.  Sin^e,  (3^'PJ 
J  n  m 

decreases  very  rapidly  with  the  distance 
between  sites  n  and  m ,  we  will 
consider  three  types  of  hopping  orbitals 

only,  corresponding  to  first  *  and 

second  ant*  neighbour 


distances.  As  usual,  these  hopping  integrals 
can  be  expressed  in  terms  of  two  centre 

integrals  (Jdo,  ddn,  dd5)  for  (3mm.  { p  p  cr , 

ppn)  for  Pec  and  (pda,  pdtt)  for  Pmc 


From  this  Hamiltonian,  it  is  then  easy 
to  calculate  t h >  partial  density  of  states 

of  symmetry  X  at  site  0,  n^(E),  as  the 

imaginary  part  of  the  projection,  on  the  atomic 
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orbital  10,  X  > ,  of  the  Green  function  G(E)  : 


G(E)  -  E  H 

(2) 

n^(H)  =  -  —  <0.Xl  G(E  +  t(»l(U> 

(3) 

n  * (  E )  can  be  calculated 

as  a  continued 

f  r  a  c  t  i  o  n ,  the  coefficients  of  which  will  be 
computed  within  the  recursion  method 
(Haydock  et  al.  197  2).  The  energy  of 
formation  can  be  written  in  [he  Hartree-Fock 

approximation  : 

EV  1 

EFi 

AE=  f  E  n(E)  dE  -  -  V 

J  -  i=M,C 

|  E  nj( E )  dE 

■J  I  Ui 

4  i=m.c 

(4) 

where  the  first  and  second  terms  represent  the 
change  1  r.  the  one-electron  band  energy  in 
alloying  (Pasturel  e  t  a  1  1984).  Halt  the 
associated  electron -electron  interaction  is 
subtracted  to  correct  for  double  counting  in 
the  first  term  of  (4).  n ,  ( E )  and  N  i  are  the 
density  of  states  and  total  number  of  electrons, 
respectively,  associated  with  atom  i  ;  E  F  i  is 

ihe  corresponding  Fermi  energy.  In  presence 
of  charge  transfers,  we  take  into  account 
intraatornic  charge  transfer  effects  in  a 
Hartree-Fock  scheme  : 

Ej  =  c?  +  Uj  AN,  (5) 

in  which  the  reference  state  is  equal  to  the 
pure  metallic  value  E  ^ ,  Uj  is  the  Coulomb 

integral  and  A N  j  is  the  variation  of  the  number 
of  electrons  of  i  species  during  alloying 
(Pasture!  et  a  1 .  1984). 

We  shall  use  here  the  standard  Slater- 
Koster  parameters  deduced  by  Pecheur  et  al. 
(1984)  from  APW  band  structure  calculations 
for  NbC,  with  the  previous  simplification  of 
keeping  only  the  first  (metal-carbon, 
w  hich,  couples  the  tw  o  sublatttices)  and  second 
(  m  e  f  a  1  -  m  e  t  a  1  and  carbon  - carbon,  on  each 

fable  I  :  Tight-binding  parameters  for  (he  carbides  in  the  NaCl 
structure  (in  eV) 


ddo 

ddn 

d(tf> 

ppa 

ppn 

pda 

pdn 

TiC 

0  X2X5 

0.2X98 

0 

0.6972 

0  1537 

-2  1979 

1 .0695 

ZrC 

1.(1927 

0. 1X22 

0 

0  5914 

0  1 704 

i  Vi47 

1.1312 

Bre¬ 

1  22S4 

0  42X7 

0 

0  6063 

-0.1337 

-2  4926 

1  2129 

ve 

0  64  99 

0  227  t 

0 

0  7521 

-0.1658 

2.0218 

0.9838 

NbC 

-1  0120 

0  3540 

0 

0.65  V) 

-0.1440 

-2.3508 

1  1439 

TaC 

1. 151ft 

04028 

0 

06577 

0  1450 

-2  5167 

1.2246 

sublattice)  nearest  neighbour  hopping 
integrals.  Only  the  metal  d  and  metalloid  p 
bands  have  been  considered  since  APW  esults 
show  that  metalloid  s-band  does  not  participate 
to  cohesive  properties  [1],  For  the  other 
carbides,  these  seven  hopping  parameters  have 
been  corrected  using  Harrison’s  (1980)  scaling 
law  to  take  into  account  the  variation  of  the 
lattice  parameter  from  a  carbide  to  another 
one.  Besides  these  hopping  parameters,  we 

have  to  consider,  two  atomic  levels,  Ep  for  the 

p  orbitals  on  a  C  atom  and  Ed  for  a  M  atom. 
We  have  used  the  values  of  the  tables  of 
Herman  and  Skillman  (1963).  Indeed,  to 
perform  the  self-consistent  calculations  of 
charge  transfer,  we  have  used  Udd  =*  3  eV  and 
Upp  =  leV  in  agreement  with  previous 
calculations  (Nguyen  Manh  et  al.  1985).  All 
the  parameters  are  gathered  in  table  1. 


Ill  -  Results  and  discussion 

We  start  by  discussing  the  electronic- 
density  of  states  (DOS)  obtained  in  our 
simplified  tight-binding  Hamiltonian.  In 
figure  1,  we  show  the  density  of  states  of 
NbC  compound,  calculated  with  a  continued 
fraction  exact  up  to  the  10th  level  It  is  clear 
from  the  partial  p  and  d  densities  of  states  of 
figure  1  that  the  electronic  density  of  states  of 
the  compound  results  from  a  strong  mixing 
between  the  d  and  p  states  ;  this  strong 
mixing  is  characterized  by  the  formation  of 
bonding  and  antibonding  states  well  separated 
by  the  occurrence  of  a  pseudogap.  We  shall  see 

that  it  explains  the  stability  of  these 
compounds.  We  have  shown  also  the  ab-initio 
results  proposed  by  Schwarz  (1977)  ;  one  can 
see  that  our  results  are  in  qualitative 
agreement  with  these  calculations.  The 
densities  of  states  of  the  other  carbides  are 
very  similar  to  the  one  of  NbC,  the  only  main 
difference  is  the  location  of  the  Fermi  level  for 
TiC,  ZrC  and  HfC  compounds  since  Ti,  Zr  and 
Hf  have  one  d  electron  less. 

The  importance  of  the  p-d  interaction 
is  illustrated  by  a  second  calculation  setting 
the  p-d  parameters  of  table  I  to  zero.  All  other 
parameters  remained  unchanged.  In  this  case, 
the  p-  and  d-  bands  decouple  as  demonstrated 
clearly  by  figure  2.  The  bandwidth  is  now 
reduced  by  a  factor  2-3  caused  by  switching 
off  the  p-d  hybridization.  There  is  also  no 
characteristic  minimum  between  two  peaks  as 
seen  in  figure  1 . 

Let  us  consider  now  the  cohesive 
properties  of  the  carbides.  Using  our  simple 
p-d  Hamiltonian,  eqn.(4)  can  be  rewritten  as  ; 

AE  =  JEE.n(E)dE  -  \  I  Ui  A(N?) 

1  4  i=M,C  1 

EFM 

-j  j  Ensd(E)dE  +  X  (6) 
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b) 


E  <eV) 


E  lev) 


C) 


Figure  2  :  Terminated  continued  fraction  DOS  for  10  levels  with 
(a)  and  without  (b)  p-d  hybridization  (thin  full  line  : 
background  DOS  with  first  4  moments  equal  to  those 
Of  the  DOS).  (14,8) 


X  being  a  constant  equal  to  : 

Epc  Ep 

X=-j  j  Ens,p(E)dE  +  j  Ens(E)dE  (7) 


Figure  1  :  Total  (a)  and  partial  (b-c)  p  and  d  electronic  density  of 
states  of  NbC  compound  in  the  NaCl  structure  ;  (d)  ab- 
initio  results  of  Schwarz  (1977). 


X  can  be  considered  as  a  contribution  to 
account  for  transformation  of  carbon  from  a 
semiconducting  reference  state  into  an 
hypothetical  metallic  state.  It  has  already  been 
used  by  several  authors  (Pasturel  et  al.  1982, 
1984  and  Niessen  and  De  Boer,  1981)  to 
describe  the  heats  of  formation  of  carbides, 
silicides,  nitrides  or  phosphides.  Here,  to 
obtain  a  quantitative  description  of  the 
energies  of  formation  of  the  carbides  as  a 
function  of  the  transition  element,  we  have 
chosen  to  fit  the  value  of  X  on  the  energy  of 
formation  of  NbC  compound.  In  table  II,  we 
present  our  results  for  all  the  studied  carbides 
and  compare  these  values  with  the  experimental 
ones.  One  can  see  that  our  values  reproduce 
the  experimental  trend  :  the  heats  of  formation 
become  more  and  more  negative  when  one  goes 
down  a  column  and  more  and  more 
positive  when  one  moves  from  IVB  column  to 
VB  column.  This  latter  behaviour  can  be  easily 
understood  from  the  location  of  the  Fermi  level 
in  the  electronic  density  of  states. 
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Table  11.:  Comparison  between  experimental  (*)  (Hultgren  et  al. 

1973  and  Wagman  et  al.  1982)  and  calculated  energies 
of  formation  of  the  carbides  in  the  NaCl  structure 
(in  eV/at). 


TiC 

VC 

ZrC 

NbC 

HfC 

TaC 

-0.89 

+0.10 

-1.05 

-0.73 

-1.23 

-0.81 

-0.96* 

-1.02* 

-0.73* 

-1.13* 

-0.77* 

For  VB  column,  the  Fermi  level  is  shifted  due 
to  an  extra  d  electron  of  the  transition  metal. 
The  most  favourable  situation  is  foi  IVB 
elements  for  which  the  Fermi  level  is  located 
in  the  pseudogap,  all  the  bonding  states  being 
filled  and  all  the  antibonding  states  being 
empty  ;  in  this  case,  the  cohesive  energy  of  the 
carbide  is  the  most  important  and  explains  the 
more  negative  values  for  the  carbides  based  on 
the  I  VB  column  . 

The  evolution  of  the  energies  of 
formation  of  the  carbides  when  we  go  down  a 
column,  can  be  explained  from  the  values  of 
the  p-d  hopping  parameters  which  become 
stronger  and  stronger  ;  the  pseudogap  is  then 
more  pronounced  and  leads  to  more  negative 
values  for  the  heats  of  formation. 

To  show  the  influence  of  this 
pseudogap  and  the  position  of  the  Fermi  level 
in  relation  to  it,  figure  3  displays  the 
difference  of  the  bond  energy  calculated  with 


Figure  3  :  Difference  of  structural  energy  of  the  terminated- 
continued  fraction  DOS  for  10  levels  minus  background 
DOS  with  the  first  4  moments  equal. 

10  levels  minus  a  rectangular  skew  back¬ 
ground  ;  the  first  four  moments  of  the 
background  DOS  are  equal  to  those  of  the 
actual  DOS  of  the  NaCl  structure,  necessarily 
leading  to  at  least  two  zeros  of  the  difference 


curve  according  to  Ducastelle  and  Cyrot- 
Lackmann  (1971).  This  curve  presents  2 
maxima  at  about  2  and  11  electrons  and  a 
pronounced  minimum  at  6  electrons.  The 
minimum  at  6  electrons  occurs  because  the 
Fermi  level  falls  into  the  pseudogap  of  the 
NaCl  structure-DOS .  It  explains  the  stability 
of  IVB  and  VB  based  carbides  since  these 
carbides  correspond  to  a  total  filling  of  6  and 
7  electrons  at  the  Fermi  level. 


lY^.CQnciusian 

The  application  of  tne  recursion 
method  coupled  with  a  simple  p-d  Hamiltonian 
enables  an  interpretation  of  the  stability  of 
IVB  and  VB  based  carbides  in  the  NaCl 
structure.  The  density  of  states  of  these 
carbides  is  characterized  by  the  occurrence  of 
a  pseudogap  due  to  the  strong  coupling 
between  the  p-orbitals  of  the  carbon  and  the  d 
orbitals  of  the  transition  element.  For  the 
studied  carbides,  the  Fermi  level  falls  into  the 
pseudogap,  leading  to  the  filling  of  all  the 
bonding  states,  the  antibonding  states  being 
empty  :  from  the  point  of  view  of  the  cohesive 
properties  it  is  the  ideal  situation. 
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Abstract . - 

-Ex 

The  relation  between  AH„  and  ASg  in  infinite  dilution  in  liquid  binary  alloys 
of  A  and  B,  which  depends  on  the  melting  points  of  the  components,  has  been  obtained 
on  the  basis  of  free  volume  theory. 


1.-  Introduction, 

Several  empirical  attempts  have  been 
made  to  correlate  the  enthalpy  of  mixing  and 
excess  entropy  in  liquid  binary  alloys.  For 
example,  Kuhaschewski  (1981)  obtained  the 
following  relationship  between  the  partial 
enthalpy  of  mixing  AHR  and  the  partial  ex¬ 
cess  entropy  A  S  |  x  of  solute  elements  in  in¬ 
finite  dilution  of  liquid  binary  alloys. 

AHr  =  3400  AS gX  (1) 

Lupis  and  Elliott  (1967)  proposed  the  fol¬ 
lowing  similar  relationship  : 

AHb  =  TASEx  (2) 


nea res t -ne i gh bours ,  the  excess  Gibbs  energy 
of  mixing  AG^x  is  expressed  by  the  follow¬ 
ing  equations: 


E  x 

A  Gcx 
mix 

=  AH  .  -  T  ASEx 

mix 

(3) 

AH  . 
mix 

NAB  AAB  /  z 

(4) 

nab  = 

zVaxb(1-xaxbAab  '  kT) 

(5) 

AS?X  = 

asconf  +  asnonconf 

(6) 

.oEx 

C0NF 

=  ~XAXB  AAB  '  2kT' 

(7) 

N0NC0NF 

=3/2kN0{XAlr(vA/vAA)  +  XBln(vB/vBB)} 


In  this  equation,  X  is  a  constant  and  a 
value  of  3000+1000  for  this  parameter  has 
been  proposed  for  ordinary  metallic  solu¬ 
tions.  However,  they  suggested  that  X  is 
not  always  constant  for  all  types  of  alloys 
and  might  be  dependent  upon  the  nature  of 
the  alloy  components. 

Recently,  the  authors  have  derived  a 
solution  model  for  the  relationship  between 
the  enthalpy  of  mixing  and  the  excess  en¬ 
tropy  in  liquid  binary  alloys.  In  this  pa¬ 
per,  an  outline  of  the  model  as  applied  to 
infinite  dilution  of  liquid  binary  alloys 
is  presented  with  some  new  results. 


Derivation  of  The r mod y nam i c 


luat ions . 


The  derivation  of  the  solution  model 
has  already  been  described  in  detail  in  our 
previous  publications  (Tanaka  et  a  1 .  1990 

"A"  <4  "B").  Only  a  summary  of  the  model 
will  therefore  be  presented  here.  In  this 
model,  the  equations  for  the  enthalpy  of 
mixing  and  excess  entropy  have  been  derived 
on  the  basis  of  the  free  volume  theory  ad¬ 
vanced  by  Shimoji  and  Niwa  (1957)  and  the 
first  approximation  of  the  regular  solution 
model  proposed  by  Gokcen  (1986),  by  consid¬ 
ering  configuration  and  vibration  of  atoms 
in  alloys.  Assuming  that  an  atom  vibrates 
harmonically  in  its  cell  surrounded  by  its 


=3/2kN0{2XAln(LA/LAA)  +  2Xgln ( Lg/Lgg ) 

+  XAln(UAA/UA)  +  XBln(UBB/UB)>  (8) 

V 

where  NAB  is  the  number  of  A-B  pairs;  Z, co¬ 
ordination  number;/!  _,  exchange  energy; 
k,  Boltzmann  constant;  T,  temperature  in  K; 
Np,  Avogadro  number;  XA,Xg,  mol -f rac t ion ; 

,VA’VB1VAA  &  vBB’fJ"ee  voll"I,e;  ,LA’LB’LAA  f 
Lrb,  distance  which  interatomic  potential 

extend  in  a  cell,  as  shown  in  Fig.l;  UA,Ug, 
UAA  f , UBB '  depths  of  the  potential  energy  in 
a  cell,  as  shown  in  Fig.l.  In  the  above 
equations,  the  suffices  AA  &  BB  indicate 
pure  elements  and  A  &  B  indicate  the  states 
of  A  and  B  atoms  in  an  A-B  alloy.  In  Eq.(8), 
if  the  free  volumes  of  A  and  B  in  an  A-B  al¬ 
loy  are  larger  than  those  in  the  pure  states, 
i.e.,  v,>v.,  and  vD>v_D,  the  region  in  which 

A  AA  .D  . DD ,  .  . . 

an  atom  moves  randomly  in  its  cell  sur¬ 
rounded  by  its  nearest-neighbours  increases, 
and  consequently  becomes  positive. 

On  the  other  hand,  if  VA<VAA  &  VB<VBB’  t^ie 
reverse  is  true.  ' 

When  the  concentration  of  B  in  liquid 
A-B  alloy  is  infinitely  small,  the  following 
equations  for  AHr  and  A§|*  can  be  obtained 
by  differentiation  and  rearrangement: 

4BB=nAB  (9) 
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A?Ex  =  .qEx 

B  0  B,  NONCONF 

3/2kNQ[ (LAA“LBB)  /LaaLBB 
+  ^UAAUBB  -  2AAB(UAA  +  UBB> 

-  (UAA  +  UBb)2}/2UAAUBB1  (10) 

UAA  and  Ugg  in  Eq.(lO)  can  be  obtained 
from  the  following  equations.  (Tanaka  et  a  1 . 
1 990 " A" ) . 

U. .  -  -2Tt2L2  ,M.  .V1  . /N.  (  i  =  A  or  B)  (11) 

li  liixiiO 

In  Eq  .  (  1  1  )  ,  M..  is  the  atomic  weight.  L.. 

i  i  °  i  i 

is  assumed  to  Be  half  of  the  neares t-ne  i  gfi- 

bour  distance  and  this  can  be  obtained  from 

L..  =  1/2(21/2V.  /Nq)1/3  ( i = A  or  B)  (12) 

where  V. .  is  the  molar  volume,  y .  .  in  Eq. 
(11)  is  4he  frequency  of  an  atom, 'which  can 
be  evaluated  by  the  following  equation  pro¬ 
posed  by  Iida  and  Guthrie  (1988). 

V.  .  =  2,8  1012p.  . (Tm,  .  . /M.  . V2^3)1/2  (13) 

11  rn  1 1  ii  i i  ' 

(  i=A  or  B) 

where  Tm,^.  is  the  melting  point  and  (3.^  is 
the  coefficient  to  transform  the  frequency 
in  the  solid  state  into  that  in  the  liquid 
state  at  the  melting  point.  Values  of  (3.. 
were  obtained  from  the  experimental  data1tor 
the  surface  tension  of  the  pure  elements  in 
the  liquid  state. 

Consequently,  the  following  relation¬ 
ship  between  AH„  and  AS^x  can  be  derived  from 
Eq  s  .  ( 9  )  and  (107. 

ASg  =  l/2kNQ[ (Laa-Lbb)  /LaaLbb 

+{4Uaaubb~2A*Vuaa+ubb) 
-(uaa+ubb)2>-uaaubb  1  <14) 

As  shown  in  Eqs.(9)-(14),  the  partial  excess 
entropy  and  also  the  partial  excess  Gibbs 
energy  a5b\  can  be  obtained  from  the  physical 
properties  listed  in  Table  1  for  pure  ele¬ 
ments  when  the  value  of  the  partial  enthalpy 
of  mixing  is  known. 

3.-  Calculation  of  As!(x  and  AgEX. 
- tJ - —  B — 

In  this  work,  the  values  of  AHg  were 
obtained  using  Miedema's  semi-empirical  mettl¬ 
ed  (Niessen  et  al.  1983).  U ,  ,  and  U__  in  Eq. 
(14)  ran  be  calculated  from  Eqs . ( 1 1 ) -?1 3  ) 
with  the  physical  properties  shown  in  Table  1 
(Iida  and  Guthrie  1988,  Niessen  et  al.  1983). 
They  th«n  have  the  units  erg  atom”*  and  must 
therefore  be  transformed  into  Jitol"'  to  ob¬ 
tain  the  same  unit  of  AHg  as  that  correspond¬ 
ing  tc  Eq .(14).  In  this  case,  the  following 
equation  for  U ,  ,  and  URn  can  be  derived  from 
Eqs. (  I  1  )-(13)." 

U..  =  -685. 3|i2  .Tm,  /  J  mol'1  (15) 

( i =A  or  B ) 


Calculations  of  AS|X  and  a2|x  were  car¬ 
ried  out  for  the  60  alloy  systems  presented 
in  Table  2.  Experimental  values  of  A2RX  ( 
Hultgren  et  al.  1973,  The  19th  Committee  on 
Steelmaking  1988)  are  also  shown  in  Table  2. 

4.-  Relationship  between  AH*,  and  a5„  . 

-  - D — ■ — 

Figure  2  shows  t. j  relationship  be¬ 
tween  AHg  and  ASgx,  both  calculated  as  in 
the  preceding  section.  As  can  be  seen  from 
this  figure,  the  relationship  is  dependent 
upon  temperature. 

When  A  and  B  in  an  A-B  alloy  have 
nearly  the  same  values  of  molar  volume  and 
atomic  weight,  the  following  approximate 
relation  can  be  derived  from  Eqs  .  ( 1 1 ) -( 1 4 ) . 

AHg  =  {l4.0/(l/Tm,A+l/Tm,g)} ASgX  (16) 

Plots  of  AHg ( 1 /Tm ,  +Tm , B )  against 
ASgX  are  shown  in  Fig. 3.  It  is  evident  from 
this  figure  that  AHg(l/Tm,  +1/Tm,  )  is  pro¬ 
portional  to  AS|X  as  proposed  in  Eq.(16). 
Hence,  the  relationship  between  AH_  and  A3|x 

d  n 

depends  on  the  melting  points  Tm,A  and  Tm,R 
of  the  components  of  the  alloy  and  the  ratio 
of  AHg  to  A§|x  becomes  larger  when  the  alloy 
is  composed  of  the  components  with  higher 
melting  points. 

5  ■  -  Conclusion ■ 

The  relationship  between  AHr  and  AS_ 
in  infinite  dilution  of  liquid  binary  alloys 
has  been  discussed  on  the  basis  of  the  free 
volume  theory.  It  is  shown  that  the  rela¬ 
tionship  is  dependent  upon  the  melting 
points  of  the  components. 
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Table  1  Physical  properties  used  in  the 
calculation  of  AS|X. 

V  /cm^mo  1  ~  1  ,  Tm,.^/K,  (3^/-. 


i 

V  .  . 

1  1 

Tm,  . 

i 

i 

i 

V.  . 

11 

Tm,  .  .  |3.  . 
_ ii  *  ii 

Ag 

10.25 

1234 

0.47 

Mo 

9.39 

2903 

0.50 

Al 

9.99 

933 

0 . 52 

Na 

23.78 

371 

0.49 

Au 

10.19 

1  3  36 

0.49 

Nb 

10.81 

2793 

0.50 

Bi 

19.32 

544 

0.54 

Ni 

6.60 

1728 

0.50 

Cd 

13.00 

594 

0.56 

Pb 

18.28 

601 

0.55 

Co 

6.69 

1765 

0.50 

Sb 

16.96 

904 

0.40 

C  r 

7  .23 

2178 

0. 50 

Si 

8.61 

1687 

0.38 

C  u 

7.12 

1356 

0.46 

Sn 

16.30 

505 

0.64 

Fe 

7.09 

1808 

0.48 

Ta 

10.81 

3263 

0.50 

Hg 

14.08 

2  34 

0.84 

Ti 

10.58 

1998 

0.50 

I  n 

15.74 

430 

0.68 

T 1 

17.23 

576 

0.55 

K 

45.63 

337 

0.50 

V 

8 . 36 

1973 

0 . 50 

La 

22.54 

1193 

0.50 

W 

9 . 54 

3653 

0.50 

Mg 

14.00 

92  3 

0.45 

Zn 

9.17 

693 

0.54 

Mn 

7  .  35 

1517 

0.50 

Zr 

14.00 

2130 

0.50 

Table  2  Values  of  AHg/kJmol"!  by  Miedema's 

semi -emp i r i ca 1  method  and  calculated 
results  for  AS§ x / J K“ 1  mo  1  1  and  aObx/ 
kJmol-1.  Values  in  parenthesis  are 
experimental  values:  *-Hultgren  et 
al.  (1973),  **-The  19th  Committee  on 
Steelmaking  (1988). 


System 

A  B 

Temp . 

ahb 

.  c  E  x 

asb 

.pEx 

agb 

A 1  Au 

1338 

-92 

-12.2 

-76(-140)* 

A 1  Cu 

1  373 

-28 

-3.7 

—  2  3 (  -36)  + 

A 1  Fe 

1873 

-41 

-6.2 

-29(  -56)* 

A 1  In 

1173 

30 

4.8 

2  5(  23)* 

A 1  Sn 

973 

19 

3.  1 

i 6 (  15)* 

A 1  7n 

1000 

2 

0.1 

2  (  6)* 

Cu  Ag 

1423 

10 

1.4 

8(  14)* 

Cu  Al 

1  373 

-34 

-4.5 

-27 (  -36)* 

C  u  A  u 

1550 

-42 

-4.8 

-34(  -24)* 

Cu  Fe 

1823 

52 

4.7 

441  36)* 

Cu  Pb 

1473 

41 

6 . 6 

32 (  20)* 

Cu  Sn 

1400 

-6 

-0.6 

-5(  -57)* 

Cu  Tl 

1573 

43 

6 . 6 

33(  26)* 

Fe  Ag 

1873 

123 

12.6 

99 (  83)** 

Fe  Al 

1873 

-48 

-7.0 

-35(  -47)** 

Fe  Co 

1873 

-2 

-0.2 

-2 (  -9)** 

Fe  Cr 

1873 

-6 

-0.9 

-4 (  2)** 

Fe  Cu 

1873 

50 

4.5 

42 (  34)** 

Fe  La 

1873 

25 

3.8 

18(  35)** 

Fe  Mn 

1873 

1 

0.0 

1(  6)** 

Fe  Mo 

1873 

-9 

-2.5 

-4 (  0)** 

Fe  Nb 

1873 

-70 

-6.3 

-58(  -25)** 

Fe  Ni 

1873 

-6 

-0.6 

-5(  -7)** 

Fe  Pb 

1873 

160 

19.7 

1  2  3  (  105)** 

Fe  Si 

1873 

-75 

-10.7 

-55(-103)** 

Fe  Sn 

1873 

56 

5.2 

46 (  15)** 

Fe  Ta 

1873 

-67 

-7.1 

-54(  -50)** 

Fe  Ti 

1873 

-74 

-5.9 

—  6  3  (  -73)** 

Fe  V 

1873 

-29 

-2.5 

-24  (  -36)** 

Fe  W 

1873 

0 

-3.9 

7  (  0)** 

Fe  Zr 

1873 

-118 

-8.9 

-101 (  -51)** 

Nr  Hg 

673 

-42 

-15.3 

-31 (  -34)* 

Na  In 

713 

-20 

-10.0 

-  1  3  (  -n* 

Na  K 

384 

6 

3.1 

5(  3)* 

Na  Pb 

700 

-70 

-24.4 

—  5  3 (  -48)* 

Na  Tl 

673 

-43 

-16.1 

-32 (  -21)* 

Pb  Ag 

1273 

9 

0.9 

8(  8)* 

Pb  Al 

1  200 

33 

5.5 

27 (  31)* 

Pb  Bi 

700 

0 

-0.1 

0(  -4)* 

Pb  Cd 

773 

5 

1  .2 

4  (  8)* 

Pb  Cu 

1473 

23 

3.6 

1 8 (  19)* 

Pb  In 

676 

-3 

-0.5 

-2(  2)* 

Pb  K 

848 

-89 

-31  .7 

-63 (  -36)* 

Pb  Mg 

973 

-28 

-5.3 

-23(  -17)* 

Pb  Na 

700 

-63 

-22 . 5 

-48 (  -34)* 

Pb  Sn 

1050 

6 

1  .0 

5(  17)* 

Pb  Tl 

773 

-3 

-0.5 

-2(  -n* 

Pb  Zn 

923 

16 

3.5 

1 2 (  16)* 

Tl  Ag 

975 

10 

0.7 

9(  11)* 

Tl  Cd 

750 

8 

1  .7 

7  (  4)* 

Tl  Cu 

1  573 

26 

3.7 

20(  16)* 

Tl  K 

798 

-55 

-20.6 

-39(  -34)* 

Tl  Mg 

923 

-12 

-2 . 3 

-  1 0 (  -21)* 

Tl  Na 

673 

-41 

-15.5 

-31 (  -32)* 

Tl  Pb 

773 

-3 

-0.5 

-2(  -2)* 

Tl  Sn 

723 

6 

0.9 

5(  4)* 

Zn  Al 

1000 

2 

0.1 

2  (  8)* 

Zn  Au 

1080 

-73 

-12.0 

-60(  -67)* 

Zn  In 

700 

14 

2.9 

1  2 (  14)* 

Zn  Pb 

923 

25 

5.2 

2  0 (  27)* 
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Abstract 

The  importance  of  local,  i.e.  atomic  scale  information  for  the  understanding  of  liquid  metal 
alloys  with  strong  A— B  bonding  and  compound  forming  tendency  is  stressed. Within  a  model  of 
chemical  reaction  A+B#AB  which  is  well  established  for  thermodynamics  we  discuss  the  NMR 
observables  Knight  shift  K  and  quadrupolar  relaxation  rate  Ro.  The  hyperCne  interaction  selects  the 
atom  (A  or  B)  and  then  differentiates  between  left  hand  and  right  hand  side  states  (A,B  vs.  AB).  This 
model  was  applied  successfully  to  K  and  Rq  in  liquid  alloys  of  s— p-metals.  Using  additional  data 
(electric  and  magnetic  field  fluctuations)  it  appears  possible  to  derive  a  measure  of  bond  character 
(ionic/  covalent/metallic)  in  liquid  alloys. 


1.  Introduction 

In  many  binary  liquid  melts  A^B*  from  metallic  compo¬ 
nents  A,B  the  A-B  interaction  is  much  stronger  than  the 
A-A,  B-B  interactions,  as  shown  by  considerable  exothermic 
heat  of  mixing  AH(x)  which  for  very  strong  interactions  as¬ 
sumes  a  "V"  shape.  It  is  generally  found  that  when  the 
minimum  of  AH(x)  is  sharp,  the  minimum  composition  xs 
corresponds  to  a  rather  low  stoichiometry  xs/(l~xs)=l:l,  1:2, 
2:3  etc  Also  the  entropy  of  mixing  falls  below  the  ideal  value 
and  shows,  for  some  cases,  a  sharp  local  minimum  at  xs. 
Among  the  many  cases  known  (see  e  g.  Hultgren  et  al.  1973) 
we  refer  to  the  pairs  of  s-p  metals,  where  the  stoichiometry 
follows  chemical  expectations:  IA-IIIA,  -IVA,  -VA; 
111A-VA;  IIIA-,  IVA-VIA  etc..  In  almost  (but  not  strictly) 
every  case,  there  exists  in  the  solid  A-B  system  a  crystalline 
intermetallic  compound  which  has  the  same  stoichiometry 
and  an  elevated  melting  point  Tm,  i.e.  increased  stability.  One 
may  ask:  How  much  of  "the  bonding  effects"  is  still  present  in 
the  liquid  alloy?  Which  influence  does  it  have  on  the  various 
properties  of  the  liquid  alloy? 

Additional  signs  of  strong  A-B  bonding  in  liquid  alloys  of 
s-p  metals  are  the  strong  deviations  of  electronic  properties 
(electrical  conductivity  <r(x,T),  magnetic  susceptibility 
X(x,T))  from  their  expected  free  electron  or  nearly  free  elec¬ 
tron  behaviour,  viz.  semiconducting  or  diamagnetic  behaviour 
near  xs,  Tm.  For  reviews,  see  Mott  (1987),  Cutler  (1977), 
Glazov  et  al.  (1969),  Warren  (1977).  These  anomalies  prove 
that  the  bonding  energy  gain  is  accompanied  by  a  modulation 
of  the  electron  density  up  to  the  point  of  electron  localization 
(Mott  1987),  and  certainly  accompanied  by  a  corresponding 
deviation  of  the  A-B  density  distribution  from  a  random 
mixture;  for  a  well  studied  case  see  Li-Pb  (Chieux  and  Rup- 
persberg  1980).  One  is  thus  forced  to  reconcile  in  a  model 
these  seemingly  contradictory  requirements:  bonding  like  in 
the  crystalline  phase,  yet  long  (and  prooably  intermediate) 
range  disorder  since  the  system  is  liquid 

2.  Model  of  association 

One  way  of  modeling  these  combined  requests  is  to  think 
in  terms  of  bonds  within  very  small  groups  of  neighbouring 
atoms  (e  g  2,3,5  atoms  for  x5/(l-x5)=l:l,l:2,2:3),  considering 
this  group  of  bonds  (1,2,6  bonds)  as  largely  uncorrelated  with 
other  bonds.  It  is  this  last  qualifier  which  distinguishes  the 
liquid  from  the  bond  concept  in  crystals.  The  independence 
between  groups  of  bonds  may  be  justified  qualitatively  for 
metallic  bonds  by  the  strong  screening,  and  for  ionic  bonds 
(not  quite  as  well)  by  the  averaging  effect  of  the  long  range 
Coulomb  interaction.  Covalent  bonds  can  apparently  also 
exist  under  these  conditions:  it  is  known  from  amorphous 
semiconductors  and  covalent  glasses  or  melts  (see  e  g.  Elliott 
1990)  that  there  remain  basically  only  the  steric  restrictions  if 
one  goes  further  than  the  second  nearest  neighbour. 


A  description  of  the  enthalpy  and  entropy  of  mixing  for 
metallic  alloys  in  terms  of  bonds  has  been  developped  in  detail 
and  applied  very  successfully  (see  Guggenheim  1952,  Bhatia 
and  Hargrove  1974,  Sommer  1982,  Brebrick  et  al.1983, 
Terzieff  et  al.  1986,  Ott  et  al.  1989).  It  is  based  on  an  assumed 
exothermic  reaction  between  "free"  atoms  A,B,  which  leads 
to  an  "associate"  A  B 

p  i/ 

AfjBu  (1) 

with  xs=p/(p+i/).  Introducing  interaction  parameters  for  the 
reaction  to  the  right  hand  side  (AH0,  AS0)  and  also  between 
the  three  species  A=1,B=2  and  ApBv=3  (W12,Wi3,W?j),  the 
concentrations  of  these  species,  ni,n2  and  n3  respectively,  can 
be  worked  out  in  a  standard  procedure  (see  Ott  et  al.  1989). 
The  important  point  for  the  following  is  that  the  atoms  A,  B 
are  considered  to  be  in  two  states  corresponding  to  the  left  or 
right  hand  side  of  eq.(l):  "free"  or  metallic  A  and  B  on  the 
lhs.,  associated  or  "bound"  on  the  rhs.  The  dynamic  equili¬ 
brium  (see  (1))  gives  the  probabilities  of  any  individual  A  or  B 
atom  to  be  "free"  or  "associated"  as 

P,free=i l^p  nV  P2free=  if jU  nV  P'ass=  1_Plfree; 

P2ass=l- Pjass-  (2) 

An  important  property  of  the  associate  ApBi'  will  be  its  excess 
volume  AV=Vr-pVi-i'V2,  or  its  structure  (Bhatia  and 
Hargrove  1974).  However,  the  former  is  not  measurable  micro¬ 
scopically,  and  the  latter  is  difficult  to  derive  uniquely  from 
the  experimental  two-point  scattering  functions  Sfq).  We 
shall  therefore  turn  to  other  measurable  effects  of  the  bonding 
which  can  be  identified  as  signs  of  the  bonding  locally,  i.e.  on 
the  atoms  A  and  B. 


3.  Connection  between  bonding  and  microscopic  observables: 

Knight  shift 

Extremely  local  observables,  specific  to  the  site  of  A  or  B, 
are  the  NMR  properties  Knight  shift,  magnetic  and  quadrupo¬ 
lar  relaxation  rate  (see  e  g.  Abragam  1978).  The  Knight  sh.ft 
K  is  produced  by  conduction  electrons  fat  the  Fermi  energy 
ff)  which  are  polarized  by  the  external  magnetic  field  and 
which  transfer  this  polarization  to  the  site  of  the  nucleus  as  an 
additional  hyperfine  field;  for  s-  and  p-elements,  the  main 
contribution  is  generally  assumed  to  come  from  spin  polariza¬ 
tion  of  those  conduction  electrons  at  ef  which  have  s-charac- 
ter,  so  that  essentially 

k  =  ^Jxp  <IV<o)|5>tf  n  (3) 


109 


with  Pauli  spin  susceptibility,  fi=atomic  volume, 
<  tt^oji  J>tf  =  average  density  of  electrons  at  the  nuclear  site 
and  with  Fermi  energie  if. 

In  those  liquid  alloys  where  the  A-B  bonding  and  electron 
localization  is  strong  enough  to  make  them  liquid  semiconduc¬ 
tors  (  7(x„)  <<  xscri+(l-xs)iT2),  a  strong  decrease  of  the 
Knight  shift  around  xs  has  been  observed  (e.g.  Au-Cs:  Dupree 
et  al  1980,  Cu-Te  Warren  1973;  Ga-Te:  Warren  1971).  This 
is  in  full  agreement  with  the  decrease  near  x— xs  of  conduction 
electrons  Starting  from  eq.(l),  conduction  electrons  are  supp¬ 
lied  by  the  metallic  lhs  atoms  A  and  B,  with  concentrations 
ii, (x)  ari  l  nj(x).  Since  nt,nj— 0  as  x— xs,  there  occurs  a  reduc¬ 
tion  of  which  may  be  roughly  estimated  using  the  free 
electron  model 

"  i 1  ZiiM  +  Z  2  n  2  )  /  V  nj,.,  i  J  '/J  (‘1) 

with  the  valencies  Z; ,Z;  of  A  and  B,  and  the  molar  volume 
V  i  In  fig  1  a  we  show  the  calculated  dependence  of  n  i,n2  and 
ii;,  on  x  for  the  case  Cu-Te  (thermodynamical  data  from 
Blachnik  and  (lather,  1983) 

file  Knight  shifts  (from  Warren  1973)  are  presented  in 
fig  II,  It  is  seen  that  Cu-  und  Te-K night  shift  both  drop  from 
their  pure  liquid  values  as  x— xs,  as  expected.  However,  the 
Gii  sh.ft  stays  low  on  the  To  side!  Qualitatively  the  same 
occurs  fur  K(G’a)  in  Ga-Te  (Warren  1971),  K(Cs)  in  Au-Cs 
( Dupree  et  al.  1980),  K(Cs)  in  Cs-Sb  (Dupree  et  al.  1982),  and 
from  measurements  of  our  group  also  for  Te  on  the  metal  side 
in  S'rt-Te  (Ott  et  al  1989a). 

There  is  thus  an  asvmmetrv  in  K  versus  x:  K<<KmPf;,t 
near  xs  and  on  the  minority  side  for  either  constituent  A  or  B. 
Since  (x)  behaves  symmetrically,  see  fig  la  and  eq.(4),  the 
asymmetry  has  to  be  ascribed  to  the  factor  <  j  $0)  1 2>r f  of  eq. 
{•>):  it  must  be  small  on  the  minority  side. 

1  his  is,  in  fact,  exactly  what  one  expects  if  bond  formation 
occurs  and  the  system  behaves  according  to  eq.(l).  On  the 
minority  side  of  A  (i.e  x i< (xs) t)  virtually  all  A  atoms  are 
bound  in  associates,  Pif™*— 0.  The  outer  electrons  which 
atom  A  used  te  contribute  as  conduction  electrons,  when  A 
was  in  the  pure  liquid  metal  A  or  was  the  majority  component 
( x ]>(  Xs)  i) ,  are  now  engaged  in  bonds.  They  are  no  longer  at 
it,  i  e.  no  longer  polarizable,  and  thus  do  not  contribute  to  the 
shift  K  (A)- 

<  tfli)  2>ff«0  forA^B^  (5) 

The  same  argument  works  for  B  on  its  minority  side.  The 
shape  of  the  curves  K(A),  K(B)  vs.  x,T  is  then  fully  deter¬ 
mined  by  the  thermodynamic  parameters  (AHC,  Wjj  etc.) 
which  are  obtained  independently  from  the  thermodynamic 
data  AH(x)  etc..  For  a  more  detailed  description  of  the  calcu¬ 
lation  we  refer  to  Ott  et  al.  ( 1989). 

This  quantitative  connection  between  thermodynamic 
data  (Ali(x)  etc.)  and  microscopic  observables  (K(A),  K(B)) 
has  become  possible  bv  the  two-step  parametri/ation  occu- 
nng  for  eqs  (1),  (2),  (3)  and  (4)  For  the  case  of  Cu-Te  this 
approach  reproduces  the  experimental  Knight  shift  data  over 
the  whole  composition  range  (see  fig.  lb).  Equal1/  good  agree¬ 
ment  is  achieved  for  Sn-Te  (Ott  et  al.  1989b),  Au-Cs  and 
Cs  Sb  (Ott  et  al.  1990a).  For  the  case  Au-Cs  see  fig. 2.  -  It 
should  be  noted  however,  that  two  similar  tight  binding 
approaches  including  local  densities  of  states  (Geertsma  1982, 
and  particular  for  Au-Cs  Franz  et  al  1980)  have  also 
produced  an  asymmetric  curve  K  vs  x.  While  there  is 
qualitative  agreement  in  the  calculations,  the  differences  may 
well  be  within  the  accuracy  achievable  in  future  experiments. 


4.  Other  observables 

A  similar  chain  of  arguments  as  was  just  explained  for  the 
Knight  shift  K,  has  been  given  earlier  for  another  NMR-, 
"local"  quantity,  viz.  for  the  quadrupolar  part  of  the  nuclear 
spin  relaxation  rate  Rq  (see  Ott  et  al.  1989).  There  the 
decisive  conclusion  drawn  from  eq.  (1)  was  that  one  can  derive 
a  prediction  for  the  decay  time  of  electric  field  fluctuations 
since  a  most  important  contribution  to  the  decay  time  comes 
from  the  back  reaction.  The  latter  slows  down  as  x— >xs  and 
ni,n2<<n3,  in  order  to  fulfil)  the  dynamic  equilibrium.  It  was 
found  necessary  to  include  also  the  exchange  reaction,  schema¬ 
tically  A’+AB^A  +  A’B.  This  rate,  like  that  of  the  back  reac¬ 
tion,  is  determined  by  the  parameters  of  the  thermodynamics. 
Application  of  this  ansatz  to  some  20  binary  and  ternary 
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Fig,  la:  Liquid  Cu-Te:  Concentrations  ni,n2,n3  of  free  species 
Cu,  Te,  (dashed  lines)  and  associates  C^Te,  (lower  full  line) 
from  thermodynamic  model  eq.(l). Interaction  parameters: 
W,2=-30,  Wi3=  +  10,  W23=0,  AH0Cu  Te=-66,  AS°=0;  in 

KJ/mol,  T=1400  K.  Upper  full  line:  fraction  of  associated 
atoms,  (/i+iz)-n3/[(/i-Fi7)n3+n,+n2j. 


— - 


n.2  O.i;  0.8  1.9*’ 


Fig,  lb:  Knight  shifts  of  Cu,  K(Cu)  and  of  Te,  K(Te)  in  liquid 
Cu-Te,  with  experimental  points  from  Warren  (1973); 
T=1400  K.  The  curves  are  calculated  as  described  in  the  text. 
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Fig  2  Knight  shift  of  Cs  in  liquid  Au-Cs  alloys,  data  from 
Dupree  et  al.  (1980)  T=873  K  Full  square:  K(Au),  from 
Carter  et  a).,  1977;  T=4  K.  Model  calculation  based  on  eq.(l) 
-(4),  from  Ott  et  al  (1989) 
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liquid  metallic  alloys  gate  for  the  first  time  a  possibility  to 
understand  the  very  large  increases  which  Rq  displays  when  a 
liquid  metal  A  is  alloyed  with  a  bonding  partner  B,  like  e  g.  In 
with  Sb  For  details,  we  have  to  refer  to  Ott  et  al.  (1989);  the 
binary  systems  considered  there  are  Au-Ga,  Au-tn,  Bi-In, 
Bi-Te,  Ga-Sb,  Hg-ln,  Hg-Na,  In-Sb,  Sb-Te.  Note  that  liquid 
semiconducting  alloys  were  not  included,  for  a  reason  dis¬ 
cussed  there  ff  the  interpretation  of  Rq  offered  in  Ott  et  al. 
(1989)  due  to  compound  forming  tendency  is  correct,  it  may 
constitute  a  rather  strong  support  for  using  eq.(l)  in  metallic 
alloys  with  bonding,  because  this  analysts  is  based  on  the 
dynamics  of  the  bonds,  a  property  which  is  often  more 
sensitive  to  the  modelling  than  e.g.  the  structure.  -  Note, 
however,  that  there  are  also  liquid  alloy  systems  with  bonding 
effects,  where  these  effects  are  better  described  within  the 
nearly  free  electron  model,  see  Paulick  at  al.  (1990). 

Even  though  a  proof  of  the  bimodal  distribution  of  states 
implied  by  eq.(l)  is  to  our  knowledge  lacking  at  present,  one 
may  tentatively  proceed  one  more  step:  Assuming  the  concept 
of  bonds  in  a  liquid  alloy  to  be  useful,  can  they  be  classified  as 
to  their  metallic,  covalent  or  ionic  character7  This  question 
has  been  addressed  in  a  general  fashion  by  Robertson  (1983a) 
and  for  specific  cases  e.g.  by  Gay  et  al.  (1982),  Tsuchiya  et  al. 
(1982),  Fischer  and  Giintherodt  (1977).  Brinkmann  et  al. 
(ICooj  have  analyzed  quadrupolar  nuclear  spin  relaxation  as 
measured  on  an  inert  gas  atom  (Xe)  in  liquid  metal-tellurium 
alloys;  they  ascribe  the  main  contribution  to  electnc  field 
fluctuations  seen  on  the  Xe  nucleus  to  effective  ionic  charges 
on  the  neighbour  atoms  and  from  that  infer  an  amount  of 
charge  transfer  metal-tellurium  which  defines  in  turn  the 
ionic  character  of  the  bonds.  Thus  they  arrive  at  a 
covalent-ionic  scale  for  liquid  metal-Te  alloys.  In  this  work, 
Tl-Te  was  taken  as  the  reference  point  for  a  strongly  ionic 
case  from  Gay  et  al.  (1982).  The  latter  assumption  is  in  full 
agreement  with  a  model  calculation  by  Robertson  (1983b) 
who  finds  liquid  TljTe  to  be  89%  ionic.  Similarly,  the 
occurence  of  charged  states  is  important  in  liquid  Se-Te  alloys 
(Cutler  et  al.  1990),  and  in  fact  a  considerable  increase  of  Rq 
lor  Xe  had  been  observed  in  liquid  Se-Te  (Maxim).  In  fig. 3  we 
show  the  placement  of  liquid  Te-alloys  in  a  bond-  character 
chart  (from  Brinkmann  et  al.  1985). 

In  order  to  explain  the  strong  differences  in  magnetic  suscepti¬ 
bility  between  crystalline  semiconductors,  Chadi  and  White 
(1975)  have  used  the  concept  of  bond  character.  This  reason¬ 
ing  can  be  applied  to  liquid  semiconducting  metal-tellurium 
alloys;  for  a  description  in  terms  of  the  (assumed)  aggregates, 
their  probability  of  occurence  (from  thermodynamics)  and 
their  bond  character  see  Ott  et  al.  (1990b).  The  observed 
magnetic  susceptibility  then  leads  again  to  an  estimate  of  the 
bond  character  for  each  alloy  (Ott  et  al.  1990b)  The  agree¬ 
ment  with  the  bond  character  chart  fig. 3  is  rather  satisfac¬ 
tory. 


Fig.  3:  Bond  character  chart  for  liquid  metal-tellurium  alloys 
from  Brinkmann  et  al  (1985).  Metallic  character  is  derived 
from  the  electrical  conductivity.  Ionic  character  is  derived 
from  Rq.  i  e  from  electric  field  fluctuations,  observed  at 
nuclei  of  Xe  impurity  atoms  embedded  in  the  liquid  alloys. 
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Abstract.  - 

Liquid  alkali  metals  alloyed  with  either  Pb  or  Sn  show  remarkable  features  in  the  electronic,  ther¬ 
modynamic.  and  structural  properties  at  the  “octet”  composition  and/or  the  equiatomic  composition.  A 
review  of  these  properties  will  be  presented,  with  special  emphasis  on  the  complementarity  of  information 
obtained  from  different  experimented  results.  Recent  molecular  dynamics  simulations  of  the  structure 
and  dynamics  of  the  equiatomic  alloys  reveal  interesting  insights  into  the  atomic  structure  and  explain 
results  obtained  from  inelastic  neutron  scattering. 


1.  -  Introduction.  - 

In  a  recent  review,  Saboungi  et  al.  (1990) 
have  discussed  ordering  in  liquid  alloys  with  a 
special  emphasis  on  experimental  methods  of  char¬ 
acterizing  the  nature  and  extent  of  such  order¬ 
ing.  Indeed,  liquid  alloys  display  a  rich  variety  of 
atomic  and  electronic  structures.  At  one  extreme 
are  alloys  with  chemically  similar  constituents, 
which  undergo  relatively  small  changes  on  mix¬ 
ing;  in  these  cases,  the  local  structure  is  not  too 
different  from  that  of  the  pure  elements,  and  the 
changes  in  transport  and  thermodynamic  prop¬ 
erties  can  be  described  in  terms  of  small  devia¬ 
tions  from  ideal  behavior.  When  the  constituents 
are  chemically  dissimilar,  e.g.,  as  characterized  by 
electronegativity,  charge  transfer  becomes  possi¬ 
ble  and  the  structure  and  properties  of  the  al¬ 
loys  display  features  analogous  to  those  observed 
in  molten  salts.  In  the  extreme  case  when  the 
chemical  interactions  become  especially  strong, 
complex  ionic  species  can  be  formed  on  alloying, 
characterized  by  remarkable  geometric  arrange¬ 
ments  of  the  atoms,  dramatic  changes  in  the  elec¬ 
trical  behavior,  and  large  anomalies  in  the  tem¬ 
perature  dependence  of  the  thermodynamic  func¬ 
tions,  such  as  specific  heat. 

Equiatomic  liquid  alloys  of  the  form  AM, 
where  A  is  an  alkali  metal  and  M  a  Group- IV 
element,  such  as  Pb,  Sn,  Ge,  or  Si,  provide  fas¬ 
cinating  examples  of  the  extreme  behavioT  asso¬ 
ciated  with  strong  interactions  and  complex  ion 
formation.  Extensive  work  on  these  alloys  has 


been  carried  out  with  electrical  transport  mea¬ 
surements,  calorimetry,  neutron  diffraction,  in¬ 
elastic  neutron  scattering,  and  computer  simula¬ 
tion.  The  remarkable  properties  observed  in  each 
case  can  be  ascribed  to  the  formation  of  complex 
ions  M*_  first  proposed  by  Zintl.  In  this  picture, 
the  M  atoms  acquire  a  fifth  valence  electron  from 
the  alkali  metal  and  form  tetrahedral  complexes 
with  threefold  coordination  according  to  the  (8- 
N)  rule. 

In  what  follows,  we  will  review  experimental 
results,  along  with  molecular  dynamics  simula¬ 
tions. 

2.  -  Experiments.  - 

A  battery  of  experimental  techniques  have 
been  used  to  define  the  physicochemical  prop¬ 
erties  of  these  systems.  The  electrical  conduc¬ 
tivity  apparatus  has  been  described  in  detail  by 
van  der  Marel  et  al.  (1980),  Meijer  (1988),  and 
Calaway  and  Saboungi  (1983).  The  thermody¬ 
namic  properties  have  been  derived  from  a  com¬ 
bination  of  electromotive  force  (emf)  measure¬ 
ments  and  calorimetry.  In  the  emf  setup,  both 
liquid  electrolytes,  such  as  LiCl-KCl  or  LiCl-LiF 
eutectics,  and  solid  electrolytes,  such  as  Na,  K, 
or  Rb-substituted  /3- AI2O3,  have  been  used.  In 
the  latter  case,  a  coulometric  titration  technique 
was  followed  to  oxidize  or  reduce  the  alkali  metal 
at  the  reference  and  working  electrodes.  High- 
temperature  drop  calorimetry  was  used  to  con¬ 
firm  the  anomalously  large  values  of  the  heat  ca¬ 
pacities  derived  from  emf  measurements.  This 
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technique,  which  was  proven  (Fredrickson  et  al., 
1966)  to  yield  data  of  extremely  high  quality,  was 
used  to  measure  the  melting  points,  related  ther¬ 
modynamic  functions,  and  temperature  depen¬ 
dence  of  the  heat  capacity.  Finally,  the  static  and 
dynamic  structure  was  measured  using  pulsed  neu¬ 
trons  at  the  Intense  Pulsed  Neutron  Source  at 
Argonne  National  Laboratory.  To  complement 
these  measurements  and  fully  exploit  the  data, 
molecular  dynamics  simulations  of  equiatomic  liq¬ 
uid  alkali-lead  alloys  were  carried  out  to  calculate 
the  structure  and  atomic  motions. 

3.  Results.  - 

3.1  Electrical  Transport  Properties.  - 

The  electrical  conductivity  of  the  alkali-P!> 
alloys  and  its  temperature  dependence  have  been 
measured  as  a  function  of  composition  by  Meijer 
et  al.  (1985.  1988,  1989),  Nguyen  and  Enderby 
( 1977),  and  C' alaway  and  Saboungi  (1983);  the  re¬ 
sults  for  the  electrical  resistivity  p  and  the  deriva¬ 
tive  (dp/dT)  are  shown  in  Fig.  1.  In  the  case  of 
Li-Pb  and  Na-Pb.  a  peak  in  p  and  dp/dT  is  ob¬ 
served  at  the  “octet’’  composition.  A.,Pb,  which 
corresponds  to  a  charge  transfer  of  one  electron 
from  each  of  the  alkali  atoms  to  a  Pb  atom,  lead¬ 
ing  to  a  closed  shell  configuration  on  both  ions,  as 
in  a  molten  salt.  In  the  case  of  Na-Pb,  an  addi¬ 
tional  feature,  a  shoulder  at  the  equiatomic  com¬ 
position  appears,  which  becomes  the  main  peak 
for  KPb,  RbPb,  and  CsPb.  The  electrical  con¬ 
ductivity  for  these  two  latter  alloys  (not  shown  in 
Fig.  1)  reaches  a  maximum  value  of  220()±10() 
and  7l)()()±200  p ficm,  with  dp/ dT  =  —18  and 
-115  pSlcm  K_l,  respectively,  which  are  char¬ 
acteristic  of  liquid  semiconductors  according  to 
Mott  and  Davis’  (1979)  classification  of  liquid  al¬ 
loys.  Geert.sma  et  al.  (1984)  have  interpreted 
the  behavior  of  the  alkali-iead  alloys  by  suggest¬ 
ing  the  formation  of  Zintl  ions  (Busmann,  1961) 
for  which  charge  transport  takes  place  within  the 
ions  rather  than  through  the  metal  as  a  whole. 
Each  Zintl  ion  is  formed  by  a  Pb  tetrahedron  sur¬ 
rounded  by  an  alkali-metal  tetrahedron  oriented 
in  the  opposite  direction. 

3.2.  -  Thermodynamic  Properties.  - 

As  mentioned  earlier,  both  emf  measurements 
and  calorimetry  have  been  used  to  derive,  as  accu¬ 
rately  as  possible,  the  thermodynamic  properties 


of  these  liquid  alloys.  Perhaps  the  most  illustra¬ 
tive  function  is  the  excess  stability,  ES,  advanced 
first,  by  Darken  to  characterize  ordering  in  solu 
tions,  ES  =  (d2  AG^/dXf)  =  y^(er  ln7i/7Xi), 
where  7,  and  are  the  activity  coefficient  and 
atomic  fraction,  respectively.  Figure  2  shows  the 
excess  stability  as  a  function  of  composition  for 
four  alloys  A-Pb  with  A  =  Li,  Na,  K,  and  Rb 
(Saboungi  et  al.  1985,  1986;  Tumidajski  et  al.. 
1990).  The  behavior  of  ES  parallels  that  of  the 
electrical  resistivity;  how  er,  the  shoulder  ob¬ 
served  in  NaPb  becomes  more  prominent  in  the 
ES  function.  Note  that  no  data  are  available 
for  Cs-Pb,  due  mostly  to  experimental  difficul¬ 
ties;  the  unavailability  of  either  a  solid  electrolyte, 
such  as  Cs-substituted  .1-alumina,  the  fact  that 
Cs  and  its  alloys  have  a  high  solubility  in  the 
cesium  halides  (Bredig,  1964).  and  a  high  vapor 
pressure  render  the  thermodynamic  investigation 
of  such  a  system  by  emf  measurement  techniques 
almost  impossible.  The  high  accuracy  of  the  mea¬ 
surements  shown  in  Fig.  2  stems  from  the  fact 
that  (i)  the  coulometric  titration  technique  was 
used,  and  (ii)  the  cells  were  operated  at  constant 
temperature. 

When  the  composition  of  the  alloy  was  kept 
constant  and  the  temperature  cycled  randomly, 
entropies  ASm  and  excess  entropies  ASf),  were  de¬ 
rived.  Figure  3  gives  the  variations  of  these  func¬ 
tions  with  composition  for  K-Pb  and  Rb-Pb.  Two 
remarks  are  in  order.  First,  the  negative  values 
taken  bv  ASln  are  unusual  for  metallic  alloys,  but 
more  common  for  ionic  systems  (Blander.  1964); 
second,  the  V-like  shape  of  ASfj,  and  the  cusp- 
like  shape  of  ASm  are  typical  of  ordered  solutions. 
So  far,  the  conclusions  reached  from  these  ther¬ 
modynamic  measurements  are  in  full  agreement 
wiili  those  deduced  from  the  electrical  transport 
measurements,  showing  the  presence  of  ordering 
in  these  alloys. 

At  an  average  temperature,  the  excess  heat 
capacity  ACp  was  evaluated  and  is  shown  in  Fig.  4 
for  K-Pb  and  Rb-Pb.  The  dramatic  increase  of 
ACp  around  the  equiatomic  alloy  has  been  ob¬ 
served  for  the  first  time  in  an  alloy.  An  interpre¬ 
tation  of  this  unusual  composition  dependence  of 
ACp  was  advanced,  based  on  the  dissociation  of 
structural  entities.  The  magnitude  of  the  heat 
capacity  at  the  equiatomic  composition  and  its 
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temperature  dependence  have  been  confirmed  by 
independent  calorimetric  measurements  (Johnson 
and  Saboungi,  1987;  Saboungi  et  al.,  1988a).  Fig¬ 
ure  5  shows  the  heat  capacities  for  the  four  liq¬ 
uid  alloys.  Both  the  large  values  of  fS  and  its 
rapid  decrease  with  temperature  above  the  melt¬ 
ing  point  give  strong  support  to  the  formation  of 
structural  entities  in  the  liquid.  A  quantitative 
model  prepared  by  Geertsma  (private  communi¬ 
cation),  based  on  the  reactions 

;=*  AM~ 

M$~  ♦=*  4 M  +  4e~, 

make  it  possible  to  explain  the  curves  of  ACp 
versus  temperature  and  estimate  the  fractions  of 
dissociated  tetrahedra  as  a  function  of  tempera- 
tur'\  The  results  are  similar  to  those  of  the  phe¬ 
nomenological  model  proposed  by  Saboungi  et  al. 

3.3.  -  Neutron  Diffraction  Results.  - 

The  existence  of  complex  ions,  e.g.,  polyva- 
lently  charged  anions,  has  been  demonstrated  on 
the  atomic  scale  by  several  neutron  diffraction  ex¬ 
periments.  Figure  6  shows  the  measured  total 
structure  factor  S(Q)  for  the  alkali -metal-lead  al¬ 
loys.  The  pronounced  first  sharp  diffraction  peak 
at  low  scattering  vector  (Q~l  A  ')  is  indica¬ 
tive  of  relatively  long  range  order  associated  with 
the  formation  of  structural  units.  The  results  of 
model  calculations,  based  on  units  consisting  of  a 
Pb,  Zintl  ion  with  a  larger  compensating  tetra¬ 
hedron  of  4  A4"  ions  and  arranged  according  to 
the  structure  found  in  the  crystalline  phase,  are 
shown  by  continuous  solid  and  dashed  lines  in 
Fig.  f>  and  seen  to  give  an  excellent  represe’.tation 
of  the  data.  The  height  of  the  first  peak  measured 
as  a  function  of  temperature  in  KPb  falls  with 
increasing  temperature,  consistent  with  the  dis¬ 
sociation  of  the  Zintl  ions  deduced  from  the  emf 
and  calorimetric  measurements  (Saboungi,  1987; 
Fig.  7).  Finally,  measurements  of  S(Q)  for  var¬ 
ious  K-Pb  composition  by  Reijers  et  al.  (1989) 
show  that  the  first  sharp  peak  decays  with  depar¬ 
ture  from  the  50:50  composition,  giving  support 
to  the  concept  of  ordering  in  solution  as  evidenced 
from  the  variations  of  ES  and  ACp  with  com¬ 
position.  A  powerful  method  for  distinguishing 
between  these  different  kinds  of  ordering  is  pro¬ 
vided  bv  the  structure  factors  measured  by  neu¬ 
tron  or  x-rav  diffraction,  where  the  value  of  the 


scattering  vectcr  of  the  first  peak  in  the  struc¬ 
ture  factor  scaled  by  the  nearest-neighbor  dis¬ 
tant  e  and  the  mean  atomic  spacing  falls  into  a 
certain  range  characteristic  of  the  type  of  order¬ 
ing  involved  (Price  et  al.,  1989,  Saboungi  et  al., 
1990,  Fig.  8). 

It  should  be  mentioned  that  inelastic  neutron 
scattering  measurements,  coupled  with  calcula¬ 
tions  of  atomic  motions  by  molecular  dynamics 
simulations,  have  been  performed  recently.  The 
results,  which  are  beyond  the  scope  of  this  review, 
are  reported  in  Toukan  et  al.  (1990). 

3.4  -  Molecular  Dynamics  Simulations.  - 

A  wealth  of  information  on  *he  atomic  distri¬ 
bution  of  any  binary  alloy  system  can  be  derived 
from  a  knowledge  of  the  partial  functions,  e.g., 
the  three  partial  structure  functions  and  their 
corresponding  radial  distribution  functions  in  real 
space.  Since  isotopically  substituted  samples  are 
not  readily  available  for  these  systems,  molecular 
dynamics  simulation  of  the  structure  was  carried 
out  by  Reijers  et  al.  (1990).  The  system  con¬ 
sisted  of  alkali  atoms  and  Pb^-  Zintl  ions,  inter¬ 
acting  according  to  a  simplified  Tosi-Fumi  poten¬ 
tial  (Tosi  and  Fumi,  1964).  The  lead  atoms  were 
taken  to  exist  as  preformed  tetrahedral  units  with 
the  Pb  atoms  held  together  by  harmonic  springs. 
For  further  details,  the  reader  is  referred  to  the 
works  of  Reijers  et  al.  (1990)  and  Saboungi  et  al. 
(1988b).  The  partial  structure  factors  show  that 
the  Pb-Pb  system  contributes  most  to  the  FSDP 
with  minor  contributions  from  the  A-Pb  system. 
The  struct,. :e  of  NaPb  could  not  be  reproduced 
unless  a  significant  amount  of  dissociation  of  the 
Pb^~  ions  was  assumed.  Finally,  triplet  angular 
correlations  of  the  A,  Pb,  and  CM  (CM  being  the 
center  of  mass  of  the  nbij  tetrahedron)  were  cal¬ 
culated;  the  results  confirm  the  tendency  for  A+ 
atoms  to  lie  opposite  the  faces  of  the  Pb^~  tetra- 
hedra  in  a  fashion  similar  to  that  observed  in  the 
crystalline  phase. 

4.  -  Conclusion.  - 

In  this  review,  we  have  summarized  the  phys- 
icochemic.il  properties  of  a  special  class  of  liquid 
alloys.  The  1  .*havior  of  the  liquid  alkali-metal- 
lead  alloys  is  mimicked  to  a  great  extent  by  liquid 
alkali-metal-tin  alloys,  where  it  was  shown  that 
-lie  Sn]j  ions  form  and  are  even  more  chemically 
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stable  than  the  plb(j  ions.  The  systems  formed 
by  the  alkali-metal-Si  am!  -Ge  alloys  are  presently 
nmler  investigation  and  the  stability  of  the  Si(} 
and  Gej  ions  are  expected  to  be  enhanced.  It 
is  hoped  that  measurements  of  the  lifetime  and 
dynamics  of  polyanions  could  be  performed  by 
a  diversity  of  techniques  such  as  Raman  spec¬ 
troscopy.  NMli,  inelastic,  and  elastic  diffraction. 
An  improvement  of  the  anomalous  x-ray  diffrac¬ 
tion  technique  1  Ludwig  et  ul..  1987)  is  badb'  needed 
for  handling  liquids.  Many  questions  still  remain 
unanswered,  especially  dealing  with  the  CsPb  and 
CsSn  systems,  where  t  te  FSDP  is  abnormally 
narrow,  signaling  a  long  range  for  the  atomic  cor¬ 
relations.  Quasi-elastic  measurements  are  being 
performed  to  study  transitions  in  the  systems  oc¬ 
curring  prior  to  melting.  Similarly,  the  study  of 
.subcooled  NaPb  <»r  NaSn  should  help  in  under¬ 
standing  these  systems,  which  appear  to  be  in¬ 
termediate  between  the  Li  and  the  K.  Rb.  and 
(7s  alloys. 
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Fig.  1.  Electrical  resistivity  and  its  temperature 
dependence  in  alkali-metal  lead  alloys  as 
a  function  of  composition  (Meijer  et  al ., 
1985). 
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Fig.  2.  Darken  excess  stability  for  A-Pb  alloys 
from  emf  measurements  (Tumidajski  et 
al.,  1990). 
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Fig.  4.  Heat  capacity  of  alkali-metal  lead  alloys 
as  a  function  of  composition  (Tumida¬ 
jski  et  al.,  1990). 
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Fig.  3.  Variations  of  the  excess  entropy  of  mix¬ 
ing  for  liquid  K-Pb  alloys  (Saboungi  et 
al.,  1986). 
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Fig.  5.  Heat  capacity  of  alkali-metal  lead  alloys 
as  a  function  of  temperature  (Saboungi 
et  al.,  1988a). 
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Fig.  7.  Variations  of  the  structure  factor  S(Q)  of 
liquid  KPb  with  temperature  (Saboungi 
et  al.,  1987). 
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Fig.  8.  Wave  vectors  Qi  of  first  peaks  in  the 
structure  factors  of  several  liquid  metals 
and  alloys,  scaled  by  the  nearest-neighbor 
distance  ri  and  the  mean  atomic  spac¬ 
ing  d,  =  (6/7 rp)1/3:  first  sharp  diffrac¬ 
tion  peaks  (o),  prepeaks  (•),  peaks  in 
network-forming  liquids  (A)  and  hard- 
sphere  peaks  (□)  (Saboungi  et  al.,  1990). 
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Abstract  - 

T!ie  authors  have  developed  a  new  calorimetric  method,  "solute-solvent  drop 
calorimetry",  which  has  proved  useful  in  the  study  of  intermetallic  and  other  refractory 
compounds.  This  method  involve'  the  dropping  of  small  capsules  which  contain  a 
solid  mixture  of  solute  and  so,  vent  from  room  temperature  into  a  high-temperature 
calorimeter,  where  thev  generate  a  homogeneous  liquid  mixture.  The  "solute"  is  either 
the  refractory  compound  or  a  mechanical  mixture  of  its  constituent  elements.  In  our 
studies  of  intermetallic  compounds  the  "solvent"  was  usually  a  mixture  of  platinum  or 
palla^'un  with  germanium.  The  development  of  this  method  will  be  outlined  and  its 
application  to  intermetallic  compounds  of  Group  FVA  metals  with  platinum  group 
metals  will  be  reviewed. 


1.  -  Introduction 

It  is  well  known  that  the  available  information  on  the 
standard  enthalpies  of  formation  of  intermetallic  and  related 
compounds  leaves  much  to  be  desired.  An  important  reason 
for  this  is  that  the  thermochemistry  of  most  of  these  com¬ 
pounds  cannot  be  studied  effectively  by  the  -classical  methods 
of  combustion  and  room-temperature  solution  calorimetry.  In 
alloy  thermodynamics  high-temperature  liquid  metal  solution 
calorimetry  has  to  some  extent  improved  this  picture.  How¬ 
ever,  this  approach,  which  has  been  very  useful  for  non- 
refractory  alloy  phases,  has  had  little  impact  in  the  area  of 
transition  metal  intermetallics.  For  such  compounds  most  of 
the  reported  thermochemical  information  has  been  obtained 
either  calorimetrically  by  direct  synthesis  from  the  elements 
or  has  been  derived  indirectly  from  high  temperature  e.m.f. 
or  vapor  pressure  measurements. 

In  direct  synthesis  calorimetry  one  usually  first  prepares 
a  compressed  pellet  of  the  desired  composition  from  powders 
of  the  two  elements.  This  pellet  is  brought  to  che.--;  ;al  reac¬ 
tion  by  raising  its  temperature  so  that  a  reaction  is  initiated; 
the  heat  effect  is  then  measured  calorimetrically.  Such  meas¬ 
urements  may  be  eanicd  out  either  at  or  near  room  tempera¬ 
ture  by  heating  the  sample  in  a  furnace  which  is  completely 
enclosed  in  a  calorimeter  (see  e.g.  Capelli  el  al.  (1974))  or 
by  dropping  the  pellet  from  a  lower  temperature  (often 
298K)  into  a  high-temperature  calorimeter  (see  e.g.,  Gachon 
and  Hertz  (1983)).  In  either  case,  unless  the  reaction  product 
is  a  congruent  melting  compound,  which  is  melted  in  the 
course  of  the  experiment,  there  are  often  questions  regarding 
the  completeness  of  the  reaction  and  hence  about  the 
significance  of  the  results.  It  is  for  this  reason  that  Gachon 
and  Hertz,  in  their  early  work  on  intermetallic  compounds, 
characterized  some  of  their  values  as  "indicative". 

Our  research  group  in  Chicago  has  a  long-standing 
interest  in  the  thermodynamics  of  refractory  meterials  and 
intermetallic  compounds.  About  10  years  ago  we  initiated  a 
research  program  in  the  thermochemistry  of  refractory 
borides  based  on  solution  calorimetry  in  a  liquid  copper  sol¬ 
vent  In  this  way  we  succeeded  in  measuring  the  enthalpies 
of  formation  of  a  number  of  late  transition  metal  borides 
with  good  precision  and  accuracy  (Kleppa  and  Sato,  1982; 
Sato  and  Kleppa,  1982).  However,  when  we  attempted  to 
extend  such  measurements  to  borides  of  some  of  the  early 


transition  metals,  we  did  not  succeed.  Among  the  borides  of 
interest  was  LaB6,  a  well-known  electron  emitter  which  is 
frequently  used  in  high  current  density  cathodes.  Unfor¬ 
tunately,  this  compound  did  not  dissolve  in  liquid  copper  at 
1400  K  or  in  any  of  the  other  liquid  alloys  that  we  had  tried 
using  regular  solution  calorimetry.  Furthermore,  since  LaB6 
is  very  refractory  and  has  a  melting  point  near  3000  K,  this 
compound  was  not  a  good  candidate  for  direct  synthesis 
calorimetry  at  our  operating  temperature  of  1400  K. 

In  1983,  while  we  were  working  with  LaB6  in  our 
Calvet-type  high  temperature  calorimeter  near  1400  K,  we 
discovered  by  accident  that  at  this  temperature  LaB6  readily 
forms  a  liquid  alloy  with  platinum.  This  suggested  to  us  a 
possible  new  approach  to  the  thermochemistry  of  refractory 
borides.  We  proceeded  to  use  this  approach  to  measure  the 
standard  enthalpies  of  formation  of  LaB6  (Topor  and  Kleppa, 
1984)  and  of  several  other  refractory  borides  (Topor  and 
Kleppa,  1985  a, b;  1986  a). 

The  physical  basis  of  this  new  method,  "solute-solvent 
drop  calorimetry",  is  very  simple.  It  rests  on  the  fact  that  the 
binary  system  boron  plus  platinum  has  an  extensive  liquid 
range  near  1400  K,  and  that  these  liquid  alloys  may  act  as 
solvents  for  many  refractory  metals.  In  each  experiment 
these  "solvents"  are  generated  in  the  high  temperature 
calorimeter  by  dropping  the  components  in  from  room  tem¬ 
perature.  The  "solute”  consists  of  the  refractory  compound 
which  is  being  studied  or  of  a  mechanical  mixture  of  the  two 
elements.  While  this  method  originally  was  developed  for 
refractory  borides,  it  has  also  been  used  for  silicides  (Topor 
and  Kleppa,  1986  b;  1987  a;  1988  d;  1989  b)  and  most 
recently  for  intermetallic  compounds  (Topor  and  Kleppa, 
1986  c;  1987  b,c;  1988  a,b,c,e).  For  silicides  our  solvent 
usually  has  been  an  alloy  of  platinum  or  palladium  with  sili¬ 
con,  while  for  intermetallic  compounds  we  now  prefer  plati¬ 
num,  palladium  or  nickel  with  germanium.  There  is  a  dis¬ 
tinct  advantage  in  the  fact  that  pure  germanium  is  liquid  at 
our  calorimetric  temperature  of  1400  to  1500  K. 
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2.  -  Experimental 

2.1  -  Calvet-Type  calorimeter 

Our  early  measurements  of  transition  metal  borides  were 
all  carried  out  in  our  Calvet-type  twin  calorimeter  near  1400 
K.  This  unit,  which  was  constructed  some  15  years  ago  has 
been  used  nearly  continuously  since  that  time.  The  crucial 
calorimetric  jacket  is  constructed  from  a  n-’-  ber  of  o  s  e r-.i 
thicV  nlutnini  discs,  each  about  19  cm  in  diameter,  which 
together  generate  two  cylindrical  wells  which  house  two 
nearly  identical  Calvet-type  calorimeters.  The  two  calorime¬ 
ters  each  has  a  thermopile  built  from  64  Pt-Ptl3%Rh  thermo¬ 
couples;  these  measure  the  temperature  difference  between 
the  calorimeter  proper  and  the  surrounding  alumina  jacket. 
The  whole  cylindrical  unit  is  completely  enclosed  in  a  fur¬ 
nace  with  three  independently  controlled  heaters:  top,  bottom 
and  main  heater,  all  heaters  are  constructed  from  Pt  40%  Rh 
wire. 

The  two  thermopiles  are  connected  in  series,  but  bucked 
against  each  other.  Therefore  a  minor  change  in  the  overall 
temperature  of  the  alumina  jacket  should  influence  the  two 
twin  calorimeters  in  the  same  way,  but  with  the  opposite 
sign.  Hence  theory  indicates  that  minor  temperature  distur¬ 
bances  of  the  calorimeter  jacket  should  give  rise  to  little  drift 
in  the  overall  calorimeter  system.  This  is  the  theory.  For 
Calvet-type  twin  calorimeters  operating  at  room  temperature, 
or  at  moderately  elevated  temperatures,  with  jackets  con¬ 
structed  from  high  thermal  conductivity  metals  such  as 
copper,  silver  or  aluminum,  this  condition  is  frequently  real¬ 
ized.  However,  our  jacket  is  constructed  from  sintered 
alumina;  hence  the  ideal  conditions  assumed  in  theory  are 
not  realized.  Furthermore,  "at  high  temperature  everything 
reacts  with  everything  else  and  they  also  become  electrically 
conducting".  In  fact,  our  twin  alumina  calorimeter,  when 
operated  at  high  sensitivity  at  1400  K  frequently  would  not 
have  adequate  base-line  stability  to  yield  the  desired  preci¬ 
sion  and  accuracy.  This  prompted  us  to  develop  a  new 
high-temperature  calorimeter  specifically  intended  for  use  in 
solute-solvent  drop  calorimetry. 

2.2  -  Setaram-type  calorimeter 

At  the  present  time  it  is  possible  to  purchase,  at  very 
considerable  cost,  a  differential  high  temperature  integrated 
heat  flux  calorimeter  which  allows  calorimetric  measurements 
at  temperatures  up  to  about  1800  K.  This  calorimeter  is  pro¬ 
duced  by  Setaram  in  France,  and  has  been  available  commer¬ 
cially  for  many  years.  In  this  unit  the  thermal  effects  are 
measured  differentially  along  the  axis  of  the  cylindrical 
calorimeter,  rather  than  radially  as  in  the  Calvet-type 
apparatus.  The  ‘working’  junctions  of  the  differential  ther¬ 
mopile  surround  the  crucible  in  which  the  reaction  takes 
place,  while  the  ‘reference’  junctions  are  maintained  in  a 
constant  temperature  environment  some  distance  removed 
from  the  crucible.  Unfortunately,  most  investigators  who 
have  used  this  equipment  have  complained  about  difficulties 
associated  with  precise  calibration,  and  the  number  of 
scientific  publications  which  have  resulted  from  its  use  is 
small.  The  reasons  for  this  are  now  fairly  well  understood: 
the  construction  of  the  differential  thermopile  in  the  Setaram 
calorimeter  does  not  satisfactorily  integrate  the  heat  flux  over 
the  surface  of  the  crucible  in  which  the  reaction  is  carried 
out.  The  calibration  factor  of  the  calorimeter  therefore 
depends  critically  on  the  amount  of  material  contained  in  the 
crucible.  Investigators  active  in  this  area  have  recognized 
this,  and  have  made  modifications  to  the  Setaram  design. 
We  are  familiar  with  at  least  two  French  groups  which  have 
addressed  these  problems  (Hatem  el  al.  1981;  Gachon  and 
Hertz,  1983).  However,  even  in  these  modified  versions  of 
the  Setaram  calorimeter  there  is  still  poor  thermal  coupling 
between  the  crucible  in  which  the  reaction  takes  place,  and 
the  thermopile. 


During  the  past  three  years  we  have  experimented  with 
a  new  high  temperature  calorimeter  which  represents  a 
modification  of  the  improved  versions  of  the  Setaram  design. 
This  new  calorimeter  has  been  used  extensively  in  our  work 
on  intermetallic  compounds.  The  apparatus  was  described  in 
some  detail  in  a  publication  which  appeared  last  year 
(Kleppa  and  Topor,  1989  a).  We  will  limit  ourselves  here  to 
describe  its  principal  features.  The  "heart"  of  the  nr.v 
calorimeter  is  shown  in  Fig.  1  which  gives  an  overall  view  of 
the  "working  section"  and  the  "reference  section"  of  the  unit. 
The  calorimeter  is  constructed  from  a  tube  of  recrystallized 
alumina,  about  29  mm  O.D.,  23  mm  I.D.  and  76  cm  long, 
one  end  closed.  On  the  outside  surface  of  this  tube  have 
been  ground  40  shallow  vertical  grooves  to  allow  the  place¬ 
ment  of  a  20  couple  thermopile  shown  schematically  in  Fig. 
1  (only  half  the  junctions  are  shown). 

T 


Fig.  1 .  Schematic  view  of  calorimeter  section  (‘working  sec¬ 
tion’)  and  ‘reference  section’  of  the  new  calorimeter. 

Twenty  thermocouple  junctions  are  distributed  over  the 
'working  section’  of  the  calorimeter,  located  at  five  different 
levels,  about  20  mm  apart.  The  other  20  junctions  are  placed 
at  the  same  level  near  the  closed  end  of  the  calorimeter  tube, 
forming  the  ‘reference  section’.  The  couples  were  made 
from  0.5  mm  diameter  Pt-Pt  13%  Rh  wire,  purchased  from 
Engelhard,  and  were  cemented  into  the  giooves  with  morgan- 
ite  cement.  Two  long  platinum  wires,  cemented  into  two 
parallel  grooves  in  the  alumina  tube,  carry  the  differential 
e.m.f.  to  a  constant  temperature  Dewar.  Here  junctions  are 
made  to  copper  wires  connected  to  the  amplifier.  The  output 
of  the  amplifier  is  fed  in  parallel  circuits  to  the  recorder,  and 
through  a  voltage-to-frequency  converter  to  an  Apple  lie 
computer. 
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All  calorimetric  experiments  are  performed  inside  a  spe¬ 
cial  calorimeter  ‘liner’  of  20  mm  I  D.  The  lower  part  of  this 
liner  is  constructed  from  Pt-20%  Rh  tubing  about  0.5  mm 
wall  thickness,  total  length  about  80  cm,  one  end  of  which  is 
closed.  The  upper  end  of  the  liner  is  connected  to  a  thin- 
walled  stainless  steel  tube,  and  has  a  standard  ground  joint. 
The  lower  end  of  the  liner  contains  the  BN  crucible  assembly 
in  which  experiments  are  carried  out.  Details  of  this  arrange¬ 
ment  aie  snov...  in  Tig.  2.  The  locfio-'  of  'he  liner  is 
adjusted  so  as  to  maximize  the  e.m.f.  generated  by  the 
calorimeter  thermopile. 


SAMPLE 


Fig.  2.  Schematic  diagram  of  the  calorimetric  cell  assembly, 
showing  part  of  the  Pt-20Rh  liner,  the  boron  nitride  crucible, 
the  boron  nitride  protective  cylinder  and  stirrer,  and  the 
alumina  protective  crucible  and  protective  cylinders,  as  well 
as  parts  of  the  final  getlenng  system  for  the  argon  gas. 


Calibration  of  the  calorimeter  is  achieved  by  dropping 
weighed  pieces  of  3  mm  diameter  pure  copper  wire  from 
room  temperature  into  the  BN  crucible  (see  Fig.  3).  The 
calibration  is  based  on  the  heat  content  of  the  copper  at  the 
operating  temperatures  of  the  calorimeter  and  is  generally 
reproducible  within  ±  1%. 

Example  of  application 

We  first  used  the  new  single  unit  differential  calorimeter 
to  determine  the  enthalpies  of  formation  of  PtMe  (Topor  and 
Kleppa.  1988  b)  and  IrMe  (Topor  and  Kleppa,  1988  c)  at 
1473  ±  2  K  (Me  =  Ti,  Zr,  HO-  The  three  Pt  compounds  had 
recently  been  studied  by  Gachon  et  al.  (1985),  who  used 
direct  reaction  calorimetry.  In  our  calorimeter  we  measured 
heat  effects  which  ranged  from  80  J  to  200  J.  For  example, 
in  our  investigation  of  the  intei metallic  compounds  PtHf,  the 
following  two  reactions  were  carried  out  in  the  calorimeter 


Fig.  3.  Systematically  based  plot  of  standard  enthalpies  of 
formation  considered  in  the  present  paper.  Gachon  et  al., 
1985,  1986;  Gomozov  et  al.,  1986;  Henaff  et  al.,  1984. 


0.05  PtHffs,  298)  +  0.26  Pt(s,  298) 

+  0.64  Ge(s,  298) 

=  Hf0osPto.3iGe0.64(l,  1473)  (1) 

and 

0.05  Hf(s,  298)  +  0.31  Pt(2,  298) 

+  0.64  Ge(s,  298) 

=  Hf0.05Pio3iGeo,M(l,  1473)  (2) 

On  the  basis  of  six  measurements  f«r  caJi  of  these  reactions 
we  derive  the  follow  ag  enthalpy  changes,  with  reference  to 
one  mole  of  PtHf 

AH„,(1)  =  624.3  ±  11.0  kJ  mol”1 

AHm(2)  =  397.0  ±  7.3  kJ  mol”1 

combining  eqns.  (1)  and  (2),  we  obtain 

AHyVtHf)  =  AHm  (2)  -  AHm  ( 1 ) 

=  -227.3  ±  13.2  kJ  moP1. 

Note  that  the  mean  values  of  AHm(l)  and  AHm(2)  are 
associated  with  errors  (standmd  deviations)  of  about  1.8%. 
The  corresponding  uncertainty  in  AH®(PfHf)  obtained  from 
(5, 2  +5  l)ia  was  5.8%.  In  comparison,  the  corresponding 
value  for  this  compound  quoted  by  Gachon  et  al.  (1985) 
was  -226  kJ  mol”1.  However,  these  authors  were  uncertain 
about  the  probable  error  in  this  value,  which  was  quoted  as 
"indicative”. 

3.  -  Results 

A  summary  of  all  the  experimental  results  obtained  in 
the  course  of  the  present  investigations  is  given  in  Table  1. 
For  each  intermetallic  compound  studied  this  table  shows  the 
composition  of  the  liquid  alloy  formed  in  each  series  of 
measurements,  the  average  values  of  AH®  with  the  standard 
deviations  calculated  from  measurements  corresponding  to 
eqs.  (J)  and  (2)  above,  and  finally  the  weighted  mean  values 
of  AH®  with  the  calculated  standard  deviations  of  the 
weighted  mean.  The  last  column  of  the  table  give  the  per¬ 
cent  relative  error  indicated  for  each  reported  mean  value  of 
AH®.  It  will  be  seen  that  for  most  compounds  the  relative 
errors  are  about  ±  5%  to  ±  6%. 
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A  systematically  based  graph  of  our  experimental 
enthalpy  values  is  presented  in  Fig.  3;  this  figure  also  shows 
earlier  reported  data  taken  from  Gachon  et  al.  (1985),  from 
Gomozov  ex  al.  (1986)  and  from  Henaff  el  al.  (1984). 

We  first  take  note  of  the  general  agreement  between  our 
new  results  and  the  earlier  values  of  Gachon  et  al;  this 
agreement  ranges  from  excellent  for  RhZr,  PdTi,  PdZr  and 
PtHf,  to  fair  for  PtTi  and  PtZr;  however,  the  agreement  is  not 
satisfactory  for  PdHf.  It  is  also  true  tnat  the  agreement 
between  Gachon  et  al.  and  Gomozov  et  al.  for  CoTi,  CoZr 
and  NiTi  is  very  good,  while  that  between  Gachon  et  al.  and 
Henaff  et  al.  for  NiZr  is  only  fair.  In  conclusion,  Fig.  3 
shows  extensive  agreements  among  the  earlier  studies,  and 
between  the  results  of  the  earlier  studies  and  our  own;  this 
strongly  suggests  that  the  enthalpy  information  displayed  in 
Fig.  3  on  the  whole  is  correct.  Hence  the  data  in  this  figure 
may,  with  confidence,  be  used  as  the  basis  for  a  general  dis¬ 
cussion  of  the  thermochemistry  of  the  families  of  intermetal- 
lic  compounds  under  consideration. 
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TABLE  1 


Summarv  of  Experimental  Data  for  the  Intermetallic  Compounds 

'  MeTi,  MeZr,  MeHf  (Me  =  Pd,  Rh,  Ru,  Pt,  Ir),  OsTi,  CoHf,  NiHf 


Compound 

Melting 

Liquid  Alloy 

-AH,0 

-AHf°  (mean) 

Error 

Temp,  °C 

Composition 

id  mol1 

kJ  mol'1 

% 

rjT. 

’400 

^‘00*^0. 04^0.6^*0  23 

IC3.5  ±1S.0 

iC3.ii::.: 

T,0O3PdO.0JCuQ.<lJ5,0  2J 

103  1114.6 

PdZr 

1600 

^0  03  P(Vo5Gu0.60GeO.  30 

1 17,9±15.4 

122.61  7.0 

5.7 

Zf0  0JPdO.03Cu0.UG'0I3 

123.71  7.4 

PdHf 

I6l0(p) 

Hf0  05 ! Pd0.05Gl “0.60^^30 

135.31  8.8 

134  31  7  8 

5.8 

Hf0  OSPdOOSCuO  65Ge01S 

I32.7±17.0 

RhTi 

1940 

Ti0  ojRIi  j  osCug  4JCe0  43 

143.01  9  3 

6.9 

RhZr 

*1900 

151.81  7.1 

4.7 

RhHf 

-2290 

Hf0  Q5R*,0.05GuO.43Ge0  43 

190.7±  4,5 

191.61  4.3 

2.2 

^^0.05^0  O3GuO^3Ge0  63 

i99.8±14  1 

RuTi 

2130 

T'o  05^u0  03^  26Gc0  64 

15S.3±15.7 

T*0  03Ru0  03PdtU6Gc0  64 

153.  lit  7.4 

153  91  7.4 

48 

TWRuOO?PdO.L!C'l>6l 

152.51  9.6 

RuZr 

-2100 

Zfo.os^u0  64 

139  1±  9  6 

137  31  6.3 

5.0 

^■o.03RuO  05Pt0.26GeG64 

135.51  9.5 

RuHf 

-2400 

Hf00jRUo  03^-15^*0  73 

I73.3t21.6 

183  5110  4 

5.7 

Hfo05Ru0.03P<lo.26G*064 

186  6111.8 

PtTi 

1830 

^>’0.0JP^0.31G*0.64 

159.3112.9 

8.1 

PtZr 

2100 

Zf0  03Pt0.31Ge0  64 

191  9112.4 

6.5 

PtHf 

“ 

05^.3^*064 

227  3113.2 

5.8 

fiTi 

2120 

Tloo5I,aosPdo.26Geo&4 

168.9111.8 

168  61  75 

4.4 

T,0.05  Ir0.OSPTO.  20Gca70 

168.41  9  3 

IrZr 

2050 

•^0.03^0.05^  26Ge0.6« 

171.91  8.8 

I7t.3t  7.? 

4.5 

ZfO03Ir0O$PtO.2QGeO7Q 

169.3115.6 

IrHf 

2440 

^*0.03^0  73^.20^0.70 

187.01160 

193  31  9  6 

5.0 

Hfo.OS^O.OS1^  3OGe0  60 

196  8112.0 

OsTi 

2160 

Ti0  03Os0  QjPto  20GcO.7O 

138.8110.7 

136  91  7  2 

5.3 

1*'o.03Gs0.03P10:6Gc0.64 

135.31  9.8 

CoHf 

-1470 

Hf005Go005Pl0  :0G*0  70 

99  21  7.6 

94  91  6.1 

64 

Hf003Go0  OS^ie^O  64 

87.U10.3 

NiHf 

1530 

^f0.05^'o  05Pt020G*0  '0 

115.41  6.9 

118.51  49 

4  1 

Hf00SjN,'oO3PtO.24Gc0  66 

121.51  69 

122 
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Deviations  from  Free  Electron  Behaviour  Observed  in 
Liquid  Ternary  Cu-Ag-Ge  Alloys 
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Abstract . - 

N.M.R.  experiments  in  liquid  Cu - Ge  and  CU50Ag50-Ge  alloys  show 
values  for  the  Knight  shift  (K)  which  are  substantially  lower  than 
expected  for  free  electron  behavior.  These  deviations  are  largest 
around  x(Ge)=0.25  where  also  the  enthalpy  of  mixing  (Castanet  1984) 
has  a  minimum.  The  observed  changes  in  the  Cu-Knight  shift  indicate  a 
reduction  in  the  density  of  states  (DOS)  at  Ef  of  nearly  30%  with 
respect  to  pure  copper  and  an  even  bigger  reduction  if  one  takes  the 
interpolated  f ree - elect ron  DOS  for  comparison.  If  part  of  the 
occupied  states  at  Ef  are  shifted  downward  by  an  appreciable  amount 
the  corresponding  reduction  in  DOS  at  Ef  would  account  for  the 
observed  AHmix . 


1_.  -  Introduction.  - 

There  is  an  increasing  amount  of  data  on 
electronic  anomalies  in  amorphous  and  liquid 
alloys  of  group  I  or  II  elements  with 
polyvalent  elements  (Haussler  1983,1990, 
Terzieff  1989).  As  a  general  rule  most 
pronounced  deviations  from  free  electron 
behavior  occur  when  the  Fermi  momentum  matches 
the  wave  vector  introduced  by  structural  fea¬ 
tures  of  the  liquid,  i.e.  2kF  =  qmax  of  the 
interference  function  a (q) . 

To  our  knowledge  no  one  has  tried  to 
derive  the  structure  induced  minimum  in  the 
density  of  states  DOS  which  has  been  proposed 
by  Nagel  and  Tauc  (1975)  from  N.M.R. 
measurements,  and  to  relate  it  to  thermo¬ 
dynamic  properties. 

A  rather  straightforward  way  of 
investigating  the  DOS  is  to  measure  the  shift 
of  the  N.M.R.  line  which  is  for  an  s-element 
proportional  to  the  evtra  magnetic  field 
caused  by  polarized  conduction  electrons 
(Knight  shift)  . 

K  =  C*<  |\|f  (0)  |  2>F*DOS  (1) 

From  an  analysis  of  existing  data  (Carter 
et  al  1977)  for  the  Cu-Al  system  there  is 
evidence  that  *  he  observed  minimum  in  the 
Knight  shift  can  not  be  attributed  to  changes 
of  <|i|i(0)|2>  because  it  is  seen  in  the  same 
way  on  both  nuclei,  27A1  and  63Cu. 

In  order  to  study  whether  there  is  a 
systematic  trend  in  K  and  the  heat  of  mixing 
AHmix  we  have  studied  the  ternary  Cu-Ag-Ge 
system  .  These  jlloys  offer  as  an  other 
advantage  that  the  role  of  a  possible  s-d 
hybridization  can  be  studied,  by  changing  the 
Cu  to  Ag  ratio. 


In  order  to  compare  our  alloys  with  other 
noble-metal  polyvalent  alloys  investigations 
of  the  electrical  conductivity  as  a  function 
of  concentration  and  temperature  have  also 
been  performed.  An  analysis  with  the  extended 
Zimann  theory  (Dreirach  et  al  1972)  shows 
satisfactory  agreement. 


2 . -  Experiment . - 

The  N.M.R.  experiments  have  been  done  on 
finely  dispersed  samples  because  of  skin  depth 
problems.  First  the  samples  were  alloyed  in 
quartz  ampules  of  metals  with  5N  purity.  Then 
the  homogeneity  of  the  samples  was  checked  by 
metallographic  analysis  before  they  were 
ground  to  40  pm  powder.  Finally  the  metal 
powder  was  mixed  with  about  3/2  the  volume  of 
AI2O3  and  sealed  under  vacuum  in  quartz 
ampules . 

The  frequency  shifts  were  measured  with 
respect  to  solid  CuJ  and  corrected  for  the 
small  chemical  shift  of  CuJ  as  given  by  Carter 
et  al  (1977) . 

We  used  a  commercial  N.M.R.  spectrometer 
(Matec)  for  pulsed  N.M.R. in  a  field  of  4-6  T, 
together  with  a  homemade  tank  which  allowed 
tuning  and  matching  from  33  to  62  MHz.  The 
N.M.R.  coil  (7  turns,  11mm  dia.)  was  made  from 
platinum  ribbon  of  3  mm  width  and  welded  into 
a  quartz  tube  which  helped  to  prevent  ringing. 
To  achieve  a  faster  ringdown  time  the  tank  was 
used  in  an  overcoupled  mode.  The  coil  with  the 
sample  is  placed  inside  a  furnace  which 
carries  a  non  inductive  winding  (NiCr-wire) . 
The  maximum  temperature  which  could  be  reached 
was  1440  K.  The  temperatures  are  measured 
using. an  electrical  shielded  thermocouple  in 
contact  with  the  sample. 
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Fig.l  shows  a  typical  free  induction  decay 
for  Cug.4Ge36i  The  trace  is  the  average  of  2000 
"shots"  (about  2  min .measuring  time).  For  each 
frequency  point  6  to  9  different  carrier 
frequencies  around  the  resonance  have  been 
maasur'-d  and  the  respective  beats  evaluated. 
The  accuracy  of  the  derived  resonance 
frequency  is  ±0.5  kHz  which  results  in  a 
relative  accuracy  for  the  Knight  shift  values 
of  +  i%. 


Fig . 1 : 

Cu-N.M.R. signal  (FID)  of  Cu64Ge36,  1356  K 

Resistivity  measurements  have  been 
performed  by  the  method  described  by  Gasser 
(1982)  from  the  corresponding  liquidus 
temperature  to  1470  K. 


3. -.Results  and  Discussion.- 

Before  we  turn  to  the  results  let  us 
mention  that  one  expects  a  different  behaviour 
for  the  resistivity  if  the  double  Fermi 
momentum  2kp  is  smaller,  about  equal  or  larger 
than  qmax  of  the  interference  function,  accor¬ 
ding  to  the  theory  of  Faber  and  Zimann;  for  a 
review  see  e  .  g  .  Giintherodt  (1977). 

Fig.  2  shows  the  concentration  de¬ 
pendence  of  K  at  fixed  temperature  for  three 
alloy  systems,  Cu - Ag  (our  measure¬ 
ments),  Cu-Al  and  Al-Ge  (Carter  et  al  1977), 
which  correspond  to  the  above  mentioned  cases. 

It  is  seen  that  significant  deviations 
from  free  electron  behavior  are  found  when 
2kp  equals  approximately  qmax. 


Fig . i  :  Relative 
changes  of  the 
Knight  shift  as 
function  of  con¬ 
centration: 
full  circles:  27A1 
half  circles:  63Cu 
in  Cu-Al,x=xA1 
squares:  21  hi  in 
Al-Ge,x=xGe 
triangles: 63Cu  in 
i.o  Cu  -  Ag ,  x=xAg 


Fig.  3  presents  the  results  for  Cu-Ge  and 
(Cu5gAg5Q)  -Ge.  Due  to  problems  in  Lhe 
production  of  sufficiently  microcrystalline 
samples  the  N . M . R . measurements  were  limited  to 
Ge -  concentrations  <  0.36  ;  the  continuation  to 
concentrations  where  the  curve  is  expected  to 
approach  again  the  interpolated  free  electron 
value  (dashed  line)  as  in  the  Al  -  Cu  case, 
remains  for  future  work. 

Furthermore  fig. 3  compares  the  thermo 
dynamic  data  for  the  ternary  Cu-Ag-Ge  system 
with  data  for  resistivity  and  Knight  shift. 

The  enthalpy  of  mixing  AHmix (Castanet  1984, 
Bej a  1969,  Predel  and  Stein  1971)  shows  three 
characteristic  features: 

a)  demixing  tendency  for  the  binary  Cu-Ag 

b)  an  asymmetric  shape  with  the  minimum 
•at  about  x(Ge)=0.25  independent  of  the 

Cu/Ag  ratio 

c)  the  absolute  value  of  this  AHmix 
minimum  shows  a  decrease  as  Cu  is 
replaced  by  Ag 

Of  these  effects,  the  second  is  the  corollary 
of  the  Knight  shift  minimum,  and  of  the 
resistivity  maximum. 


Fig. 3:  Resistivity,  Knight  shift  and  enthalpy 
of  mixing  in  the  ternary  Cu  Ag-Ge  system: 
open  squares:  p (Ag - Ge) , 1273  K;  dotted  squares: 
p (Cu50Ag50 - Ge)  , 1273  K;  full  sguares:p(Cu-Ge)  , 
1373  K;  dotted  circles:  K  (CujoAg^Q  -  Ge)  ,  1  37  3  K; 
half  circles:  K (Cu50Ag5o - Ge)  at  the  liquidus 

Temp .;  AHmix  ( triangles )  from  Castanet  (1984) 
at  1348  K, -dotted  lines  Predel  and  Stein  (1971) 
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For  the  resistivity  as  a  function  of 
•roncer.trat  icn  all  three  measured  systems 
behave  in  a  similar  manner.  This  shape  agrees 
with  resistivities  as  calculated  with  the 
extended  Faber-Zimann  theory  using  the  same 
procedure  as  in  (Gasser  1902) .  The  data  for 
i.T’ i  Ge  are  in  agreement  with  earlier  data  of 
junterodt  et  al . (1977) . 

it  may  be  noted  that  for  the  magnetic 
susceptibility  deviations  from  the  additivity 
rule  had  been  found  in  a  series  of  gold 
alloys:  Au  In,  Au-Ge  and  Au - Sb  (Terzieff 
'.939)  .  There  the  maximum  deviation  is  shifted 
to  lower  concentrations  of  the  polyvalent 
elements  as  their  valence  increases.  For 
many  allays  the  2kF  =  qraax  condition 
corresponds  to  an  conduction  electrons  per 
atom  ratio  t/a  of  about  1.8  (Haussler  1983) 
which  explains  the  systematic  shift. 

Fig.  4  demonstrates  that  the  same  tendency 
is  f  ound  also  for  Cu •  Al  arid  (Cu50A35o)  ‘Ge  in 
-he  K  ihd  AHmix  curves. 

At  the  present  stage,  a  clear  correlation 
car.  thus  be  demonstrated  between  the  observed 
deviations  from  free  electron  behaviour  cf  re¬ 
sistivity  ,  Knight  shift  and  enthalpy  of 
mixing  cn  the  one  hand,  and  expected 
deviations  :f  the  density  of  states  on  the 
other  hand.  For  a  quantitative  discussion  of 
s-  and  p  elements,  the  electron  matrix  inter 
action  may  be  treated  in  the  pseudopotential 
approximation,  using  the  structure  factors  of 
"he  alloys  together  with  the  Fermi  wave 
number;  “hese  two  ingredients  will  place  the 
larger!'  deviations  at.  2kF=qmax  (Nagel  and  Tauc 
1975;.  Such  calculations  have  not  yet  been 
done  for  alleys  with  d  elements  where  the 
".matrix  formalism  replaces  the  pseudo- 
po'eritiai  formalism  Therefore  we  have 
arbitral ly  normalized  the  curves  K(x)  and 
A H  m  i  x  ( x )  in  fig  4  .  such  that  the 
correspondence  is  easily  seen. 


l(A1)  KGe) 


From  Knight  shift  data  it  is  also  evident 
that  the  idea  of  a  local  DOS  connected  with 
compound  forming  tendency,  which  has  been 
elaborated  by  Ott  et  al.  (1990)  for  liquid 
semiconductors ,  cannot  be  applied  to  our  case 
because  the  assumed  associates  would  cause 
different  Knight  shift  trends  in  the  con¬ 
centration  dependence  of  the  two  nuclei, 
particulay  on  their  respective  minority  sides. 

From  the  discussion  just  given,  one  would 
not  expect  any  difference  between  Cu  Ge  and 
e.g.  Cu50Ag50-Ge.  Indeed  K  and  the  con¬ 
ductivity  show  negligible  differences.  However 
the  systematic  decrease  of  AHmix  is  of  a 
considerable  magnitude,  see  fig,  3.  It  appears 
most  logical  to  attribute  it  to  the  energy 
shift  of  the  d-band  with  respect  to  Ef .  Note 
that  the  energy  gain  which  appears  as  AHm^x  , 
would  correspond  for  the  (Cu/Ag) -Ge  systems  to 
an  average  downward  shift  of  the  occupied 
s • conduction  electron  states  by  about  0.05  - 
0.1  ev 
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Abstract 

Ordering  kinetics  of  disordered  Cu4  Pt  have  been  reexamined.  Such  reordering  occurs  in  two 
stages  with  stage  I  attributed  to  the  mobility  of  excess  defects  and  stage  II  to  that  of  equilibrium 
vacancies.  It  is  found  that  mobile  excess  defects  populations  are  higher  in  Cu4  Pt  disordered 
by  cold-rolling  as  opposed  to  samples  disordered  by  melt-spinning. The  order-disorder  enthalpy 

AHq.d  is  found  to  be  =  0.1  k  Tc  compared  to  AHq.^  =  0.5  k  Tc  predicted  by  CVM. 


1.  Introduction 

In  the  framework  of  a  european  research 
program,  we  study  the  re-ordering  kinetics  in 
L 1 2  type  alloys  disordered  by  various 
thermomechanical  processes.  Mitsui  et  al 
(1989)  previously  studied  ordering  in  Cu4  Pt 
disordered  by  quenching  from  the  solid-state. 
In  this  note  we  compare  ordering  of  Cu4  Pt 
disordered  both  by  cold-rolling  and  by  rapid 
quenching  from  the  liquid  state. 

We  also  report  on  the  ordering  energy  AH0_d 

and  compare  it  to  the  disordering  energy  AHd_0 
as  measured  by  calorimetry 

2.  Experimental  procedure 

A  Cu4  Pt  alloy  was  prepared  by  melting 
together  appropriate  amounts  of  pure 
components  in  a  cold  crucible  under  purified 
argon  gas.  The  ingot  was  then  divided  into  two 
parts.  One  part  was  cold-rolled  down  to  a 
thickness  reduction  of  90  %  and  the  other  pan 
was  melt-spun  from  a  quartz  tube  onto  a  copper 
wheel  in  a  helium  chamber.  Ordered  and 
disordered  states  were  then  characterised  by 
differential  scanning  calorimetry  (DSC)  and  X- 
ray  diffraction. 

3.  Experimental  results 

X-ray  intensities  of  fundamental  Bragg  peaks  in 
Ll2  type  AB3  alloys  are  proportional  to  (/A  +  3 
/B)2  while  those  of  the  superlattice  peaks  scale 
w0h  (/ a  *  /b)2  and  the  latter  are  by 

consequence  lower  than  the  former  (/ j  are  the 
atomic  scatttering  factors). 

Since  scale  with  the  atomic  number,  the 


superlattice  intensity  contrast  increases  with  the 
square  of  the  difference  in  the  constituents' 
atomic  numbers.  As  such,  while  quite  weak  for 
Ni3  (Al-Fe)  as  reported  earlier  (Yavari  and 
Bochu  1989),  it  is  very  strong  for  Cu4  Pt 
alloys.  Figure  1  shows  the  X-ray  diffraction 
patterns  of  ordered  LI 2  states  of  these  two 
alloys. 

The  strong  intensity  of  the  Cu4  Pt  superlattice 
lines  allows  accurate  detection  of  the  degree  of 
order  from  X-ray  diffraction  .  Figure  2  shows 
the  diffraction  patterns  for  samples  of  the  same 
ingot  disordered  by  moderate  cold-rolling  and 
by  melt-spinning.  It  shows  a  total 
disappearance  of  the  superlattice  Bragg  peaks 

indicating  the  absence  of  LI 2  order  and  the  Y 
phase  in  these  samples  .  The  pattern  for  the 
cold-rolled  sample  also  shows  a  strong  <200> 
texture. 

We  next  studied  the  re-establishment  of 
ordering  in  these  samples  by  calorimetry 
(DSC).  Figure  3  shows  the  thermogram  for  the 
sample  disordered  by  cold-rolling.  The  curve 
with  the  double  arrows  is  the  second  heating 
cycle.  Consistent  with  the  work  of  Mitsui  et  al 
(1989),  ordering  occurs  in  two  stages 
(corresponding  first  to  heterogeneous,  then 

homogeneous  nucleation  and  growth  of  Y 
phase),  producing  exotherms  with  maxima  at  T 
=  640  K  and  800  K.  Subsequently,  at  T  >  900 
K  equilibrium  disordering  produces  the 
expected  endothermic  effect  with  a  maximum  at 

T  =  956  K  (Tc  =  1000  K).  The  sample  is  then 
cooled  in-situ  at  320  K/min  and  then  reheated  to 
produce  the  double-arrow  curve  which  shows. 

a  weak  endothermic  effect  occurs  near  T  =  800 
K  indicating  that  the  rapid  cooling  in  the  DSC 
has  retained  a  small  degree  of  disorder  which 
disappears  in  this  stage  II  reordering  regime. 


Figure  1  : 

X-ray  diffraction  patterns  of  ordered  LI2  states 
of  Cu4  Pt  (top)  and  Ni3  Al-Fe  (bottom,  from 
Yavari  and  Bochu  1989).  Superlattice  peaks  are 
in  black  (Cu  radiation). 

Figure  4  shows  similar  results  for  the  melt- 
spun  sample.  One  significant  difference  with 
figure  3  is  that  stage  II  ordering  is  stronger  in 
the  melt-spun  sample  indicating  that  stage  I 
ordering  has  left  more  disordered  regions  to  be 
ordered  at  higher  temperature.  Conversely  one 
can  say  that  stage  I  ordering  in  the  cold-rolled 
sample  has  resulted  in  near  complete  ordering. 
Stage  I  ordering  is  generally  thought  to  occur  at 
low  temperatures  when  vacancy  defect 
supersaturated  populations  become  mobile.  As 
they  anneal  out  to  dislocations  and  grain 
boundaries  or  cluster  to  form  large  immobile 
defects  such  as  voids  and  stacking  fault 
tetrahedra,  they  help  order  the  surrounding 
regions  with  the  nucleation  of  order  occuring  at 
vacancy  sinks  (Mitsui  et  al  1989).  Any 
disordered  zones  remaining  after  the  annealing- 
out  of  the  quenched-in  defects  must  then  await 
stage  II  temperatures  at  which  equilibrium 
vacancies  become  mobile  and  of  sufficient 
numbers. 

4.  Discussion 

The  fact  that  stage  I  ordering  in  cold-rolled 
samples  results  in  more  ordering  than  in  melt- 
spun  san  pies  can  be  due  to  one  or  both  of  the 
following  two  reasons  :  either  the  mobile  defect 
supersaturations  are  higher  in  the  cold-worked 
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Figure  2  : 

X-ray  diffraction  patterns  of  cold-rolled  (top) 
and  melt-spun  (bottom)  Cu4  Pt  showing  total 
absence  of  superlattice  peaks  (Cu  Ka 
radiation). 

sample  than  in  the  liquid-quenched  sample,  or 
the  effective  vacancy  sink  density  is  lower  in 
the  former  thus  requiring  longer  diffusion 
distances  for  vacancy  defects  to  reach  the  sinks. 
The  vacancy  supersaturation  in  micro- 
crystalline  metals  obtained  by  rapid  quenching 
is  expected  to  be  very  high  (Van  Mourik  et  al, 
1985)but  the  expected  small  grain  size  implies  a 
large  sink  density.  In  the  cold-rolled  sample  the 
dislocation  density  is  expected  to  be  high,  at 

least  of  the  order  of  p  =  10n/cm2  giving 

intersink  distances  of  the  order  of  1/  (p)1/2  = 
30  nm  which  is  lower  than  the  grain  size  in 
melt-spun  samples.  Thus  sinks  are  just  as 
numerous  if  not  more.  It  would  therefore 
appear  then  that  mobile  vacancy  defect  densities 
are  higher  in  the  cold-rolled  sample.  This  can 
be  understood  as  follows  :  since  these 
vacancies  are  generated  during  deformation  at 
room-  temperature  via  forced  motion  of  certain 
dislocation  kinks  and  jogs,  they  are  not 
sufficiently  mobile  to  move  to  meet  each  other 
at  300  K  and  to  form  large  immobile  vacancy 
clusters,  but  in  the  melt-spun  sample  such 
diffusion  is  possible  during  cooling  from  high 
temperature. 

Assuming  single  constant  activation  energies 
Ej  and  Eji  for  atomic  migration  resulting  in  the 
heat  release  of  each  of  the  two  ordering  stages  I 
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and  II,  and  using  thermograms  obtained  at 
different  heating  rates,  fiom  the  displacement  of 
the  peak  maxima  with  the  heating  rate  (Damask 
and  Dienes  1963)  we  have  obtained  Ej  =  1.0  eV 
and  E[[  =  2.2  eV  in  agreement  with  Mitsui  et  al 
(1986). 

The  activition  energy  E  for  atomic  diffusion  via 
equilibrium  vacancy  jumps  is  E  =  AHV  +  AHm 

where  AHV  and  AHmare  respectively  the 
formation  and  migration  energies  of  vacancies 
(see  for  example  Shewmon  1963).  Various 
empirical  relations  can  be  used  to  relate  these 
quantities  to  the  cohesive  energy,  melting 
temperature,  bulk  modulus  and  other  physical 
properties.  For  Cu,  Ej  =  2  eV  and  for  Pt,  E  = 
3  eV.  such  that  our  value  Ej;  =  2.2  eV  is  within 

the  right  range  for  AHm  +  AHV  in  a  disordered 
fee  CuPt  alloy.  Generally,  AHV  >  AHm  and  if 
we  take  as  experimentally  determined  for  gold 
(Bauerle  and  Koehler,  1957),  AHm  ~  0.8 
AHV  we  obtain  AHm  =  0.98  eV  for  stage  II 

ordering  with  E  =  AHV  +  AHm  =  2.2  eV. 
When  the  kinetics  are  controlled  by  the  mobility 
of  large  supersaturated  vacancy  populations  as 

postulated  for  stage  I  ordering,  E  =  AHm  and 


AHV  is  omitted  as  the  diffusive  jump  attempt 
frequency  is  no  longer  multiplied  by  the 
vacancy  formation  probability.  The  fact  that 

AEj  =  AHm  =  1.0  eV  for  stage  I  is  in  very 

good  agreement  with  our  estimation  of  AHm 
from  stage  II  kinetics  confirms  the  present 
interpretation  anu  excludes  any  major  role  for 
divacancies  as  reported  elsewhere  (Mitsui  et  al 
1989).  The  enthalpy  released  on  ordering  („tage 

I  +  stage  II)  AHd_0  and  the  enthalpy  AH0.d 
absorbed  upon  disordering  below  Tc  =  1000  K 

have  also  been  measured  with  AHd_0  >  -  AH^ 
because  of  the  exothermic  contribution  from  the 

annealing-out  of  excess  defects.  AH0_d  =  730 
kJ  /  g.at.  Theoretical  estimates  relating  AH^  to 
Tc  for  AB3  alloys  predict  AH0.d  =  0.25  k  Tc 

and  AH0_d  =  0.5  k  Tc  for  Bragg-Williams 
theory  and  cluster  variation  method  (CVM) 
respectively  (see  discussion  in  Cahn  et  al. 
1987). 

These  va’ucs  are  to  be  compared  with  the 

present  experimental  relation  AH0_d  <0.1  k  Tc 
for  CU4  Pt.  A  low  -T  tail  occurs  on  the 
disordering  endotherms  of  the  DSC 
thermograms  (see  figure  4)  which  does  not 
reappear  on  the  second  heating  cycle  but  creates 
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Figure  3  :  DSC  thermogram  of  cold-rolled  Cu4  Pt  (-*)  and  second  passage  after  quenching 
in  the  calorimeter  (—»—>). 
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a  shoulder  on  the  endotherm  ;  this  shows  that 

disordering  (y  nucleation)  which  peaks  at  956 
K  at  our  heating  rate  occurs  more  easily  in  me 
anti  phase  domain  structure  of  the  reordered 
sample,  that  is  likely  to  have  a  complex 
microstructure  of  microdomains,  compared  to 


he  larger  domains  expected  in  the  sample 
heated  in  the  calorimeter  to  T  >  Tc.  it  implies 
that  like  in  the  case  of  heterogeneous  nucleation 
of  ordering  on  defects  as  reported  by  Mitsui  et 
al  (1989),  disordering  also  nucleates 
heterogeneous,  in  this  case  on  the  remaining 
anti-phase  domain  boundaries. 
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Figure  4  :  DSC  thermogram  ot  melt-spun  CU4  Pt  (— >)  and  second  passage  after  quenching  in 
the  calorimeter  (—»—»). 
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SHORT-RANGE  ORDER -DISORDER  TRANSITION  IN 
LIQUID  ALLOYS  ACCORDING  TO  THE  ASSOCIATED 
MODEL . 

R. CASTANET 

Centre  de  Thermodynamique  et  de 

Microcalorim6tr ie  du  C.N.R.S,  26  rue  du 
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1.  INTRODUCTION. 

In  the  last  two  decades,  many 
careful  investigations  on  liquid  alloys 
showed  that  in  many  cases  their  thermodynamic 
behaviours  are  very  sensitive  to  temperature. 
We  pointed  out  as  early  as  1969  (Castanet, 
1969)  that  compound-forming  tendency  of  melts 
with  negative  deviations  to  ideality  is  the 
rule  rather  than  the  exception.  These  melts 
have  strong  negative  values  of  the  enthalpy 
of  formation.  positive  excess  Cp  x  9  of 
formation  and  the  entropy  of  formation  often 
shows  a  minimum  with  respect  to  composition. 
Application  of  the  regular  associated  model 
to  this  class  of  binary  alloys  shows  that 
such  a  behaviour  can  be  attributed  to  the 
temperature  dependence  of  their  chemical 
short-range  order  and  demonstrates  that  this 
dependence,  due  to  the  destruction  of 
associated  species,  takes  place  in  a  more  or 
less  narrov  temperature  range  according  to 
the  value  of  the  standard  parameters  of 
formation  of  the  associates  (Castanet  et  al., 
1984)  .  The  aim  of  this  paper  is  to  show  that 

such  a  change  of  structure  can  be  ascribed  in 
many  drastic  cases  to  a  genuine  second  order 
transition . 

2.  ASSOCIATED  SOLUTION  MODEL. 

In  its  well-suited  form  to  metallic 
liquids  the  associated  solution  model  was 
mainly  developed  by  Jordan  (1970),  Bhatia  et 
al.,  (1974),  Sommer,  (1982),  Clavaguera  and 
al . ,  (1982)  and  Castanet  et  al.,  (1982  and 

1984).  The  models  developed  by  these  workers 
are  fundamentally  similar  but  we  used  a 
definition  of  the  entropy  of  configuration  in 
which  the  size  difference  between  the 
associates  and  the  pure  components  are  taken 
into  account  and  where  the  associations  are 
assumed  sufficiently  stable  to  be  regarded  as 
persistent  (The  A  and  B  atoms  in  the 
associates  cannot  be  exchanged  with 
monoatomic  species).  Indeed,  the  correct 
determination  of  the  configurational  entropy 
is  a  necessary  condition  for  the  assignement 
of  a  physical  meaning  to  the  other 

contributions  to  the  thermodynamic  functions. 
In  particular  the  entropy  of  formation  of  the 
associations  and  the  temperature  dependence 
of  their  stability  are  strongly  related  to 
the  configurational  entropy.  Then  we  used 
here  the  regular  associated  model  developed 
in  Marseille  (Bergman  et  al .  1982;  .  The  basic 
assumptions  of  the  model  are  the  following  : 

(i)  The  binary  A-B  melt  is 
condidered  as  a  ternary  one  where  the  species 
in  equilibrium  are  pure  A  and  B  and  A.  Bb  . 


Aa  Bb  are  the  suspected  associated  species 
mainly  responsible  of  the  negative  deviations 
to  thermodynamic  ideality  according  to  : 


aA  +  bB  Aa  Bb  =  C  (0] 


(ii)  The  interactions  between  the 
three  species  are  assumed  as  independent  with 
respect  to  temperature  and  composition 
(strictly  regular  associated  model). 

(iii)  The  standard  enthalpy  H°  and 
entropy  S°  of  formation  of  the  A»  Bb 
associates  are  also  assumed  to  be  temperature 
independent  i.e.  the  standard  heat  capacity 
of  formation  Cp 0 =0 . 

(iv)  Finally  the  atomic  volumes  of 
A  and  B  are  to  be  taken  the  same  (V)  and  we 
assumed  the  additivity  law  for  the  volume  of 
the  associates  [V ( Aa Bb ) =aVa +bVb = ( a+b) V] . 

From  a  practical  point  of  view,  starting 
from  experimental  determinations  of  the 
enthalpy  and  free  enthalpy  of  formation  of 
the  melt,  we  resolve  numerically  a  set  of 
three  equations  for  each  value  of  the  nominal 
mole  fraction  x  of  the  alloy  : 


h'  (x,T)  =  NcH°  +  1 1-  ( a+b-1 )  Nc  I 

I  Wa  b  Xa  Xb  +wb  c  Xb  Xc  +Wc  aXcXa  (  [  1  ] 

g*  (X, T)  =  NcH°  +  I  1- (a+b-1 ) Nc  I 

I  Wa  b  Xa  Xb  +Wb  c  Xb  Xc  +Wc  aXcXa  I  “TNc  S°  -TNc  Sc  «  “  '  [2] 

Otc 

go  =  ho  -  TS°  =  RT  Ln  ( - )  =  -RT  LnK  (3] 

a,\a  ob  b 

where  sc 0 " 1  is  the  entropy  of  configuration 
as  defined  later  and  K  is  the  equilibrium 
constant  for  reaction  [0]  . 

Replacing  ou  by  ^  /xi  equation  [3]  can 
be  rewritten  : 


H°  +  TS°  +  RT  (ln^c  -aln^-bln^i  ] 

Xc 

+  RT  ln  ( - )  =0  (4] 

Xa"  Xb  b 


where  RT  ln^A  =  gA *  ■ x 9  =  hA  '  •  x 9  -  Tsa 1 ■ x 9 

=  Wa  b  Xb-  +  Wa  c  Xc  -  Z  vX  -  Tsa  f  ■  *  9 

and  ZwX  =  WasXaXb  +  Wb  c  Xb  Xc  +  Wc  a  Xc  Xa 

g i i  . x  s  ,  hi,  xs  and  si ' ■  x  9  are  respectively 
the  partial  molar  free  enthalpy,  the  enthalpy 
and  the  entropy  of  i . 

Th  n  equation  [4]  becomes  : 


H° -TS°  +  w»r  (X*-aXc)  +  WBc(Xs-bXc) 

Xc 

-  Wa  b  (  aXs  tbX*  )  +  (  a  +  b-1 )  ZwX  +  RT  ( - ) 

X9  A  Xb  B 
=  0 


T(sc '  •  x9 


-asA 


f  .  *  S 


bss  <  •  x  9  ) 


[5] 
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3.  SHORT-RANGE  ORDER-DISORDER  TRANSITION. 

In  order  to  simplify  the  problem  we 
assumed  here  that  the  binary  interaction 
coefficients  wi 1  =0  (ideal  associated 

model).  Then  we  neglected  the  regular 
contributions  to  the  heat  capacity  of  the 
melt.  Indeed,  even  in  the  case  of  dwtj/dT=0, 
these  contributions  take  values  different 
from  zero  since  the  terms  wi j  Xi Xi  in  equation 
[1]  depend  on  the  degree  of  aggregation  of 
the  solution  i.e.  on  the  temperature. 

In  this  case  equations  [1] ,  [2]  and 

[3]  become  : 

h'  (x»  ,  T)  =  Nc  H°  [6] 

with  Cp  *  s  =  H°dNc/dT 

g*  (x*  ,  T)  =  NcH°  -  T(NcS° 

+  [1- (a+b-1 )  Nc ]sCOBf  I  [7] 

Nc  1 1- (a+b-1) Nc  la  *  b -  1 


(xa  -aNc  )  a  (  1-xa  -bNc  )  b 
H°  S°  1 

exp  I-  —  +  —  +- (sc  '  •  1,5  -  asA'  ■  xs  -bsB  <  •  *  s  )  I  [8] 
RT  R  R 

where  the  partial  excess  entropies  of  Aa  Bb  ,  A 
and  B  depend  obviously  on  the  definition  used 
for  the  configurational  entropy. 

We  used  three  different  definitions 

s'  /R  =  -  It  xi  Lnxi 

i.e.  assuming  that  Aa Bb  occupy  only  one  site 
of  the  quasi-lattice  and  that  the 
permutations  between  free  A  or  B  atoms  and  A 
or  B  atoms  engaged  in  the  associates  are 
forbidden.  In  this  case,  tne  partial  excess 

entropies  are  equal  to  zero. 

s'  1  /R  =  -I i  xi  Ln#i 

where  «i  =  riNi/IiriNi  and  n  is  the  number 
of  atoms  of  the  i  specie.  Such  a  definition 
proposed  by  Flory  (1942),  as  the  first  one, 
allows  the  permutations  between  free  and 
linked  atoms  but  takes  into  account  the 
difference  of  volumes. 

Finally,  the  definition  s'11  : 

a+b 

sc  '  •  *  8  =  R  I - I 

1+ (a+b-l)Xc 

and  sa  '  •  * 5  =  sb  '  •  x  8 

R  1-Xc 

=  R  Ln  ( 1-Xc  )  - - Ln  I - I 

a+b  1+ ( a+b-1 ) Xc 

taking  into  account  the  difference  of  volume 
between  free  atoms  and  associates  and 

considering  the'  associates  as  permanent 
clusters . 

From  typical  values  of  H°  and  S° , 
we  calculated  the  enthalpy  of  formation  of 
hypothetical  binary  systems  in  order  to 
follow  their  variations  temperature  and 


compare  the  influence  of  the  three 
definitions  of  the  entropy  of  configuration. 

o< - 


Fig.  1.  Quantity  of  associates  A2B,  No  1  tfi  respect  to 
temperature  for  x  2/3,  H°  -30  kJ.rnoM,  s'Or, t  5III, 
S°/3.K  .mol- I  =  (i)  :  .20  ;  (2)  :  .  IQ  ,  (3)  :  0  :  Vi)  :  -10, 
and  (5)  :  -20. 


Fig.l  shows  the  evolution  of  Nc 
with  respect  to  temperature  for  an 
hypothetical  ideal  associated  system  A2 B  (a=2 
and  b=l) .  It  is  obvious  that  the  example 
given  here  is  unrealistic  since  Nc  is  shown 
up  to  10  000  K  i.e.  in  a  temperature  range 
where  the  alloy  became  totally  vaporized.  The 
different  curves  were  obtained  for 
scoBi=si/t<  h°=-50  kJ  per  mole  of  associates 
and  four  typical  values  of  S° .  The 
calculation  was  performed  for  Xa=2/3  i.e.  for 
the  stoichiometry  o*  the  associations.  The 
quantity  of  associates,  Nc  ,  (that  is  h* /H° ) , 
decreases  when  the  temperature  increases. 
More  negative  is  the  value  of  S°  and  more 
drastic  is  the  destruction  of  the  associates. 
It  is  in  the  case  of  S° =  -20  J.K*1  .mol*1  that 
the  temperature  range  where  h(  increases 
drastically  is  the  smallest  and  that  the 
quantity  of  high-temperature  remaining 
associates  are  the  smallest.  In  this  case, 
the  excess  heat  capacity  of  the  alloy 
exhibits  a  sharp  peak  in  a  narrow  range  of 
temperature  similar  to  a  second-order 

transition.  Such  a  peak  has  been  shown 
experimentally  by  Geffken  et  al.(1967)  in  the 
case  of  the  Cd-Sb  melts. 

The  dependence  on  temperature  of  h* 
and  gf  for  S° =  -20  and  +10  J.K*1 .mol*1  is 
shown  on  Fig. 2.  At  T=0 ,  Nc=l/3,  h*  =  g*  =  - 
50/3  kJ  mol*1,  g*  first  increases  strongly 


Fig.  2.  Molar  enthalpy  and  Irec  enthalpy  of  formation 
of  the  alloy  with  respect  to  temperature  for  x - 2/3. 
H°  -30  k  1  mol").  sronl  sIN,  a  2  and  b  1. 
S°/1.K" )  .mol- I  10  (curves  I  and  2)  and  -20  (curves  3 
and  it)  ;  g(  :  curves  f  and  3  ,  M  :  curves  2  and  U. 
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then  decreases  when  T  increases.  Such  a 
behaviour  corresponds  at  low  temperature  to 
negative  valu-t  of  the  en’-'-Ty  of  formation 
of  the  alloys,  s' =-dgf /dT,  then  to  positive 
values  at  high  temperature .  It  is  the  case  of 
the  Au-Si  alloys  as  shown  by  Castanet  et  al. 
(1978)  and  Allen  et  al .  (1980). 

In  many  cases  it  is  not  possible  to 
measure  the  enthalpy  of  formation  in  the 
whole  range  of  temperature  where  the 
transformation  takes  place  because  (i)  the 


liH-  ).  Mol.ir  enthalpy  variation,  298^*  Iroui  298  to  I 
ot  tin'  Te-rifh  eutc  tir  of  Ge-Te  alloys  in  the 
rvstollinr  superioolerl  and  stable  liquid  states  with 
respert  to  T.  •  stable  states  (drop  method),  o 
superi  ooled  liquid  (drop  method).  4  superrooled  liquid 
(ditlerentiu!  si  anniiiji  <  alorimetry  ). 

low  temperature  part  is  located  below  the 
liquidus  temperature  (ii)  the  high  vapor 
pressure  of  the  components  prevents  any 
experimental  determinations  at  high 

temperature.  However  we  succeeded  in  such 
measurements  for  Ge-Te  eutectic  alloys 
starting  at  low  temperature  from  glassy 
alloys  and  deriving  the  enthalpy  of  formation 
from  D.T.A.  The  results  obtained  in  this  way 
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are  given  in  Figs. 3  and  4  (Castanet  and 
Bergman,  19861  They  definitely  show  a 
transition  in  the  melt  near  the  eutectic 
temperature.  Unfortunately  we  could  not  apply 
the  associated  model  to  the  system  since 
there  is  no  available  Gibbs  energy  data 
concerning  the  Ge-Te  liquid  phase. 

In  the  Ge-Te  alloys  there  is 
probably  only  one  kind  of  association,  namely 
Ge2Te.  On  the  contrary  application  of  the 
model  to  the  Cu-Sb  alloys  (Hayer  et  al., 
1977;  Said  et  al . ,  1984)  stated  that  there 

are  two  kinds  of  associates  (CuaSb  with  H° =- 
28.6  kJ.mol'1  and  S°=19.6  J . K" 1 .mol-1  and 
CuSb  with  H°  = - 0 . 2 2  kJ.mol'1  and  S°=14.2  J.K* 

1 .mol-1 ) .  Then  the  behaviour  of  these  alloys 
is  more  complicated  (Fig. 5  and  6). 


Fiy  i'  Integral  molar  enlhalpy  of  formation of  the  Cu  Sb alloys 
al  dillerent  Sb  inole  tractions  with  respect  to  temperature 


Fiq  O.  Fxcfcss  heat  capacities,  C(E  ,J  rnol  '  K  of  liquid 
Cu  Sb  alloys  referred  to  the  pure  liquid  components  cs  a 
function  of  composition  (curve  II.  The  points  sltirlify  tho 
linear  interpolated  value.  The  arrows  mark  the  maximum 
deviation 


The  transition  takes  place  entirely  in  the 
stable  liquid  phase  on  the  Sb-rich  side  but 
not  on  the  other  side.  The  results  of  the 
calorimetric  measurements  with  respect  to 
temperature  (Fig. 5)  clearly  show  the 
existence  of  two  transitions  which  differ  by 
their  enthalpy  and  by  the  temperature  range 
where  they  take  place. 

Finally,  as  a  last  example,  we  show 
the  enthalpy  of  formation  (Fig. 7)  and  the 
excess  heat  capacity  (Fig. 8)  of  the  In-Te 
alloys  (Castanet,  1989).  The  application  of 
the  model  lead  to  the  existence  of  two  kinds 
of  associations  (InsTes  and  InTe) .  We 
measured  the  enthalpy  of  formation  of  the 
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melt  (Said  et  Castanet.,  1978)  at  9 
temperatures  between  737  and  1340  K.  Up  to 


hg  7  Integral  molar  enthalpy  ot  tormation  of  the  In-Te  liquid 
alloys  referred  to  both  pure  liquid  components  at  1340  K  (O). 
n?3  K  and  98'  K  (  f, 

987  K  we  did  not  observe  any  variation  of  hf 
with  temperature.  The  results  obtained  at 
high  temperature  are  shown  on  Fig. 8.  They 
state  a  strong  temperature  dependence  on  the 
Te-rich  side.  We  pointed  out  that  when  the 
temperature  increases  the  minimum  decreases 
and  its  location  is  shifted  towards  the  In¬ 
rich  side.  Such  a  behaviour  is  in  agreement 
with  the  density  measurements  of  Thurn  and 
Ruska  (1976)  who  pointed  out  that  the  maximum 
of  the  volume  of  mixing  decreases  also  when 
temperature  increases  and  is  also  shifted 
towards  the  In-rich  part. 


Fiq  £  Excess  heat  capacity  of  the  (n-T«?  liquid  alloys  referred  to 
pure  liquid  components  Curve  1  (1123  to  1340  K)  and  curve  2  (987 
to  1123  K)  from  direct  reaction  calorimetry  Curve  3  from  adia¬ 
batic  calorimetry 


The  previous  results  were  obtained  for 
scooi=gtit  i.e.  using  our  definition  of 
entropy  of  configuration  for  strongly 
associated  alloys.  The  same  calculations  were 
performed  with  sc'>”,=sI  and  s' 1  .  The 
evolution  of  the  enthalpy  of  formation  as  a 
function  of  T  is  plotted  on  Fig. 9  for  S°=-20 
and  +10  J.R-f.mole-1  using  the  three 
definitions  of  sc 0  *  *  .  As  can  be  seen,  our 
definition  is  better  suited  to  very  strongly 
associated  systems  since  the  transition 
begins  later  and  takes  place  in  a  more 
restricted  temperature  range.  The  residual 


short-range  order  at  high  temperature  is  the 
smallest  i.e.  the  value  of  the  "enthalpy  of 


Fig.  9.  Molar  enthalpy  o(  formation  of  the  liquid  alloy 
with  respect  to  temperature  for  x  2/1,  H°  50  k3 
mol’l,  a  2  and  b  1,  srdn(  -  $111  (curve  1  and  +  ). 
s<onf  $11  (curve  3  and  U),  sron(  si  (curse  2  and  3), 
3°/3.K*  I  .mol"  I  -  -20  (curves  I.  2  ami  3)  and 

■  10  (curves  b,  5  and  f>). 

transition"  : 

h'  r  =  H°  INc  (T=~)  -Nc  ( T=0 )  I 

is  maximum  as  shown  also  by  Fig. 10  for  usual 
values  of  S°  (from  -20  to  +20  J . K- 1 . mol" 1 ) . 


Fig.  10.  Lim.N^Cfaxx,  )  with  respect  to  S°  for  x  -  2/3. 
H°  -  50  k].tnol"l,  a  i  2  and  b  -  I.  s™0!  s'1 
(curve  1),  s'  (curve  2)  and  s'll  (curve  3). 


The  more  negative  is  S°  and  the  higher  is  h1 r 
but  even  at  higii  temperature  there  is  an 
unnegligible  residual  .short-range  order. 
These  observations  allow  us  to  a  better 
understanding  of  the  behaviour  of  the  Cu- Sb 
melts.  We  pointed  out  experimentally  that  the 
destruction  by  heating  of  the  two  kinds  of 
associates  lead  to  a  very  weak  increase  of 
the  enthalpy  of  formation  of  the  liquid  :  0.9 
kJ.mol"1  maximum  (xsb  =  0.35)  i.e.  only  16% 

of  the  value  at  low  temperature.  Then  it 
appears  that  84%  of  residual  enthalpy  can  be 
due  mainly  to  undestroyed  associates  and  not 
to  the  interactions  between  the  different 
species . 

4.  CONCLUSION. 

In  conclusion  we  have  to  point  out 
that  the  thermodynamic  behaviour  of  an 
associated  liquid  cannot  be  understood  from 
investigation  in  a  too  restricted  temperature 
range  only.  Indeed  the  dependence  on 


be  divided 


into  three 


temperature  can 
domains  : 

al  A  low  temperature  region  where 
the  enthalpy  of  formation  is  strongly 
negative  due  to  a  high  degree  of  association 
and  where  there  is  a  very  weak  variation  w 1 „ 
T.  This  range  in  many  cases  lies  below  the 
liquidus  temperature  and  is  not  available  for 
experimentation . 

b)  A  middle  range  where  associates 
are  very  sensible  to  thermal  agitation.  The 
melt  undergoes  a  drastic  change  of  heat 
capacity  which  can  be  considered  as  a  genuine 
short-range  order  transition.  The  more 
negative  the  standard  entropy  of  formation  of 
the  associates,  the  more  restricted  the 
temperature  range  of  the  transition  and  the 
less  important  the  residual  enthalry  of 
formation  at  high  temperature. 

c)  Finally  a  high  temperature 
region  where  the  main  part  of  the  associates 
are  destroyed  and  where  excess  Cp  is  nearly 
constant  and  close  to  zero  (Kopp  and  tJeumann 
la',).  Even  at  high  temperature,  associated 
liquids  do  not  become  completely  disorderd. 
Still  at  high  temperature  there  is  some 
residual  negative  enthalpy  of  formation  due 
to  the  persistence  of  non-negl igible 
quantities  of  associates. 
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Abstract . - 

The  empiric  parametrization  of  glass  forming  ability  by  use 
of  thermal,  kinetic  and  thermodynamic  information  is  discussed 
for  a  binary  and  a  ternary  chalcogenide  glasses.  A  triple 
parametrization  is  proposed.  The  first  one  comes  from  the 
temperatures  of  the  transitions  inherent  to  the  glassy  state  and 
includes  as  parameters  the  reduced  glass  transition  temperature, 
the  second  one  uses  the  time  needed,  at  the  glass  transition 
temperature,  to  obtain  a  certain  amount  of  crystalline  phase. 
The  third  one  comes  from  the  comparison  between  the  Gibbs  free 
energy  of  formation  of  the  glass  and  the  melting  enthalpy. 


1.-  Introduction 

The  glass  forming  ability  (GFA)  of 
alloys  produced  by  the  application  of  rapid 
solidification  from  the  melt  has  been 
discussed  extensively  from  various  view¬ 
points  (Turnbull  1969,  Uhlmann  1972).  It 
appears  to  be  established  that  only  a 
•  limited  range  of  multicomponent  systems  can 
be  solidified  into  an  amorphous  glassy  state 
by  the  rapid  solidification  technique.  Among 
them,  those  that  can  be  solidified  into  a 
glassy  phase  at  rather  low  cooling  rates 
include  the  chalcogenide  alloys. 

The  aim  of  this  work  is  to  look  into 
the  GFA  of  pure  Se-Te  alloys  as  compared  to 
that  obtained  with  some  small  additions  of 
Ge  on  them.  The  empirical  parametrization  of 
the  GFA  is  obtained  as  well  from  thermal  and 
crystallization  kinetic  results  as  from 
thermodynamic  considerations. 

In  order  to  estimate  the  GFA  various 
thermal  empirical  parameters  have  been  used 
by  several  authors.  The  first  one  is  the 
reduced  glass  temperature  Trg=Tg/Ti,  where 
Tg  is  the  glass  transition  temperature  and 
Ti  the  liquidus  temperature.  This  parameter 
( Trg )  ranges  in  general  between  1/2  and  2/3, 
the  last  value  being  obtained  for  very  good 
glass  formers  (Sakka  and  Mckenzie  1971). 
Another  parameter  used  is  the  Hruby  (1972) 
parameter  Kgi  =  (TP-Tg)/(Ti-TP) ,  where  TP  is 
the  temperature  of  the  crystallization  peak. 
Good  glass  formers  would  have  high  Kgi 
values  . 

Other  parameters  are  fundamentally 
kinetic  like,  for  instance,  the  change  in 
Gibbs  free  energy,  AG,  in  the  cryst¬ 
allization  of  the  bulk  liquid  or  driven 
force  for  crystallization  (Thompson  and 
Spaepen  1983,  Saunders  and  Miodownik  1983, 
Greer  1988).  The  thermodynamical  approach  is 
used  to  calculate  the  Gibbs  free  energy  of 
formation  of  the  alloy  glass  relative  to  the 


stable  crystalline  solid  solution  (Bormann 
et  al .  1988)  . 

Parametrization  of  GFA  from  kinetic 
data  comes  from  the  assumption  that  under 
isothermal  conditions  the  fraction  x  of 
crystallized  material  at  a  given  time  t 
follows  an  equation  of  the  type 

g(x)  =  k(T)  t  (1) 

where  g(x)  is  a  function  which  depends  on 
the  mechanism  of  crystallization  and  k(T)  is 

given  by  the  Arrhenius  expression 

k(T)  =  koexp(  -E/RT )  (2) 

were  ko  is  a  pre-exponential  factor  and  E 
the  effective  activation  energy. 

In  the  Johnson-Mehl-Avrami-Erofe'ev 
model  we  have 

g(x)  =  (-ln(l-x)  ]1/n  (3) 

were  n  is  the  kinetic  exponent. 

According  to  equation  ( 1 )  the  lower 
value  of  k(T)  at  a  given  temperature  the 
longer  the  time  needed  to  crystallize  the 
glass  at  this  temperature.  Assuming  further 
that  all  glasses  are  in  corresponding  states 
at  Tg,  the  following  empirical  parameter  was 

defined  (Surinach  et  al.  1984) 

A  =  koexp( -E/RTg )  (4) 

then  1/A  represents  the  time  necessary  at 
the  glass  transition  temperature  to  get  a 
value  of  x  that  conforms  to  g(x)=l. 
According  to  that  and  to  the  previous 
discussion,  low  values  of  A  are  indicative 
of  high  GFA. 


2.-  Experimental 

Glasses  of  the  two  following 
compositions  were  prepared  by  air  quenching: 
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SessTeis  and  (SeesTeis)9sGe2.  The  alloy 
glasses  were  obtained  by  melting  weighed 
amounts  of  the  elements  (5N  purity)  in 
evacuated  and  sealed  quartz  ampoules .  The 
molten  alloys  were  held  at  1275  K  for  12 
hours  and  constantly  agitated  to  ensure 
homogeneity;  subsequently  they  were  quenched 
in  air  at  room  temperature.  The  estimated 
quenching  rate  at  600  K  is  about  102  K/s. 
The  glassy  state  of  the  sample  was  checked 
by  X-ray  powder  diffraction. 

Differential  scanning  calorimetry 
(DSC)  was  carried  out  in  about  10  mg  of 
powdered  material  in  a  Perkin  Elmer  DSC  II 
under  pure  dynamic  argon  atmosphere. 
Constant  heating  rate  experiments  were 
recorded  at  scan  rates  p  varying  from  1.25 
to  40  K/min.  Isothermal  experiments  were 
performed  at  temperatures  in  the  range 
350-420  K.  The  systematic  exploitation  of 
experimental  data  is  described  by  Surinach 
et  al .  (  1983 )  . 

3.-  Results  and  discussion 

The  DSC  curves  of  the  glassy  samples 
for  a  heating  rate  of  20  K/min  are  shown  in 
Fig.  1.  The  glass  transition  and  the 
crystallization  exotherm  occur  prior  to  the 
melting  transformation.  The  experimentally 
determined  temperatures  Tg,  of  the  glass 
transition,  TP,  of  the  crystallization  peak, 
and  Ti ,  of  the  liquidus  are  reported  in 
Table  1. 

The  detailed  study  of  the  crystallization 
kinetics  is  reported  in  a  separate  paper  by 
Surinach  et  al .  (1990).  The  activation 

energy  E,  was  deduced  from  non-isothermal 
measurements  by  the  peak  method  (Kissinger 
1956).  The  Kissinger  plot  of  ln(/3/Tp)  versus 
1/Tp  is  shown  in  Fig.  2.  The  pre-exponential 
factor  ko,  was  deduced  from  isothermal 
measurements  by  the  plot  of  ln[-ln(l-x)J 
versus  lnt  as  shown  in  Fig.  3. 


The  Gibbs  free  energy  of  formation 
AGf  of  the  binary  Se-Te  alloy  glass  was 
calculated  using  the  assessed  values  of 
Ghosh  et  al .  (1988)  who  also  give  the 

melting  enthalpy  AHj»,  as  a  function  of  the 
composition  of  the  alloy.  For  a  SessTeis 
alloy,  from  the  calculation,  the  value  of 
the  Gibbs  free  energy  of  formation  at  the 
glass  transition  temperature  is  AGr=2.04 
kj/g-at  while  AH«i=7.3  kj/g-at.  Therefore, 
for  the  Se-Te  glass  we  obtain  AGf /AHm=0 . 27  . 


Fig.  1.-  DSC  plots  at  a  heating  rate  of 
20  K/min: 

a)  Se-Te  glass;  b)  Se-Te-Ge  glass. 


As  explained  by  Clavaguera-Mcra  ana 
Clavaguera  (1989)  a  good  glass  former  system 
would  have  a  value  of  AGf/ AHm  in  the  range 
0.2-0. 3.  Therefore,  this  ratio  was  used  to 
characterize  GFA.  Due  to  the  lack  of 
assessed  thermodynamical  data  in  the 
Se-Te-Ge  system  no  Gibbs  free  energy  of 
formation  was  calculated  for  the  Se-Te-Ge 
alloy  glass. 

Table  2  presents  the  values  of  the  several 
empirical  parameters  Trg,  kgi,  A  and  AGf/ AHm 
used  to  estimate  GFA  in  both  chalcogenide 
glasses.  The  parameter  Trg  is  rather 
insensitive  to  small  composition  changes  but 
all  the  rest  of  the  parameters  calculated 
are  quite  sensitive  to  the  introduction  of 
Ge  in  the  Se-Te  alloy.  The  glass  forming 
parameter  kgi  increases  to  about  twice  its 
value  with  small  Ge  addition  in  the  Se-Te 
alloy.  Following  the  same  trend,  the  time 
(1/A)  needed  to  crystallize  the  alloy  at  the 
glass  transition  temperature  increases  from 
9xl04  to  2x10s  s. 


Table  1.-  Temperatures  Tg,  of  the  glass  transition,  TP  of  the 
crystallization  peak  and  Ti  of  the  liquidus  and  effective 
activation  energy  E,  and  logarithm  of  the  pre-exponential  factor 
In(ko),  for  the  two  alloy  glasses  studied. 


* 

Tg 

★ 

TP 

Ti 

E 

ln(koK 

<K) 

(K) 

(K) 

(eV) 

ko  in  s 

SessTeis 

330 

385 

540 

1.2 

31.0 

( SessTeis  )gsGe2 

338 

446 

550 

0.8 

15.6 

*At  a  heating  rate  of  5  K/min 
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Fig.  2.-  Plots  of  1  n ( (3 / Tp )  against  1/TP  for:  Fig.  3.-  Plots  of  ln[-ln(l-x)]  as  a  function 

a)  Se-Te  glass;  b)  Se-Te-Ge  glass.  of  Int  from  the  isothermal  results: 

a)  Se-Te  glass;  b)  Se-Te-Ge  glass. 


Table  2.-  Values  of  the  empirical  parameters  used  to 
characterize  GFA  in  the  two  alloy  glasses  studied. 


Trg 

★ 

kgl 

A(s_I) 

AGr/AHm 

SeasTeis 

0.63 

0.31 

l.lxlO"5 

0.27 

(SessTei5)98Ge2 

* 

0.66 

0.70 

6 . 2xl0-5 

At  a  heating  rate  of  5  K/min 


4.-  Conclusions 

An  approximate  evaluation  of  the 
glass  forming  ability  in  Se  rich  glasses  of 
the  Se-Te  system  with  or  without  small 
addition  of  Ge  on  them  has  been  presented. 


A  triple  parametrization  of  GFA  has 
been  done.  The  first  one  comes  from  thermal 
data  related  to  the  transformations  induced 
on  heating  the  glass  and  includes  parameters 
such  as  the  reduced  glass  transition 
temperature,  Trg,  and  the  Hruby  kgi 
parameter.  The  second  one  comes  from  the 
crystallization  kinetic  data  and  reflects 
the  time  needed  to  obtain  a  certain  fraction 
of  crystallized  material  at  the  glass 
transition  temperature.  Finally,  the  third 
one  comes  from  thermodynamic  quantities 
which  were  only  evaluated  for  the  Se-Te 
glass.  The  one  used  here  is  the  Gibbs  free 
energy  of  formation  of  the  glass  at  the 
glass  transition  temperature  compared  to  the 
melting  enthalpy. 


As  expected,  whatever  was  the 
parameter  used  to  measure  GFA,  the  Se  rich 
glasses  are  good  glass  formers,  their  GFA 
increasing  with  the  Ge  addition. 
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Abstract 

Neutron  diffraction  measurements 
have  been  performed  on  the  D4B  and  D20 
spectrometers  at  the  ILL  (Grenoble),  on 
gold-silicon  and  germanium-tellurium  alloys, 
in  the  liquid  state,  at  the  eutectic 
composition.  In  the  Au-Si  case,  the  total 
structure  factor  shows  the  behavior  of  a 
liquid  metal  without  variation  with 
temperature  ;  for  Ge-Te,  the  total  structure 
factor  shows  a  prepeak  followed  by  three 
main  peaks  of  quite  similar  amplitude  at  low 
temperature,  presenting  a  remarkable 
evolution  when  increasing  temperature.  These 
results  are  brought  together  with  the 
relative  heat  capacities  data  previously 
measured  at  the  laboratory. 


1  -  I ntroduc t i on 

In  a  review  (Bergman  and 
Komarek , 1985) ,  the  importance  of  the 
relative  heat  capacity  of  a  liquid  alloy  has 
been  emphasized  and  presented  as  a  sensitive 
indicator  of  the  chemical  short-range  order 
(CSRO) .  The  word  "chemical"  is  usually 
associated  to  distinguish  the  ordering 
(here  tendency  for  heterocoordination)  from 
the  topological  effects.  Obviously,  the 
diffraction  experiments  which  yield  the 
liquid  structure  factor,  S(Q),  related  by 
Fourier  transform  to  the  pair  correlation 
function,  G(r),  which  describes  the 
probability  of  finding  another  atom  at  a 
distance  r  from  an  origin  atom,  are  very 
attractive  for  this  purpose. 

The  aim  of  this  study  is  to  bring 
together  the  experimental  informations 
obtained  from  both  methods  of  investigation. 
Two  different  systems  have  been  selected, 
the  gold-silicon  and  the  germanium-tellurium 
systems  for  the  following  reasons  : 

-  both  phase  diagrams  present  an  eutectic  ( 
Xa  ii  =  0.80  in  the  first  case  and  xn  =  0.85 

in  the  second  one  )  for  which  the  existence 
of  CSRO  is  often  correlated  to  the  higher 
stability  of  the  corresponding  liquid  phase. 


-  both  systems  have  been  investigated  by 
calorimetry  in  the  laboratory  in  order  to 
obtain  the  relative  heat  capacity  in  a  large 
temperature  range  above  the  eutectic 
temperature  . 

2  -  Calorimetric  study  - 
2.1  -  Experimental 

In  both  cases.  the  experimental 
procedure  was  the  same  ;  the  measurements 
were  carried  out  with  a  high-temperature 
Calvet  calorimeter.  The  determination  of  the 
enthalpy  difference  Ar 2 1  a h  =  h(T)-h(298)  was 
performed  by  dropping  solid  samples  (  100 

mg)  at  298  K  into  the  calorimetric  cell  at  T 
under  pure  argon  atmosphere.  For  each  value 
of  T,  the  measurements  were  repeated  about 
ten  times. 


Fig.  I  -  Molar  enthalpy  variation,  A^g*’’  t'u’ 

AUq  hqMq  2Q  eutectic  alloy  with  respect  to  T. 
o  Castanet  and  Bergman,  1979  ;  •  Chen  and  Turnbull, 
1967. 

The  calorimeter  was  calibrated  by  adding 
small  quantities  of  National  Bureau  of 
Standards  a-alumina  into  the  melt  after  each 
series  of  measurements.  These  results  have 
been  reported  in  more  details  in  previous 
papers  (Castanet  and  Bergman, 1979  and  1985) 
(resp.  for  Au-Si  and  Ge-Te.) 

2.2  -  Results 

The  measured  variation  of  the 
heat-content,  &T 2 9 b h  =  h(T)-h(298)  of  the 

Auo.soSio.jo  liquid  alloy  (resp. 

Geo . 1 3 Teo . s 3 )  is  shown  in  the  figure  1 
(resp. figure  2)  versus  the  temperature.  The 
values  of  the  heat  capacity,  CP  ,  of  the 
liquid  phase  obtained  by  derivation  and  the 
values  of  the  relative  heat  capacity  (or 
excess  heat  capacity),  Cp  ,  calculated  as 
the  deviation  from  the  Kopp-Neumann  rule  are 
given  in  table  1  (resp.  table  21  for  the 
Au-Si  liquid  alloys  (resp.  the  Ge-Te  liquid 
alloys).  These  later  values  are  calculated 
from  the  following  relation  : 

AcP  =  CP  -  l  xi  CP  .  1  (1) 

where  xi  and  CP . 1  refer  respectively  to  the 
molar  fraction  in  the  corresponding  alloy 
and  to  the  heat  capacity  of  the  pure 
elements . 
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l:ig.  2  -  Molar  enthalpy  variation.  A^yg*1’  the 
y.ef  |  ^Tof  ^ ^  alloy  in  the  crystalline,  supercooled  and 
liquid  states  with  respect  to  r.  •  liquid  state  (drop 
method!  ;  o  supercooled  liquid  (drop  method)  ; 

A  supercooled  liquid  (1350. 


In  both  cases,  it  can  be  seen  that 
Cp  is  not  constant  with 

temperature , presenting  a  maximum  value  of 
18.0  J.mol-'  K- 1  (resp. 183  J.mol-‘  K- 1  )  at 
the  eutectic  composition  of  Au-Si  alloys 
(resp.  Ge-Te  alloys).  When  increasing 
temperature,  Cp  falls  and  vanishes  500  °C 
above  the  eutectic  temperature  in  the  Au-Si 
alloys  whereas  in  the  case  of  the  Ge-Te 
alloys,  CP  reaches  0  less  than  150  °C  above 
the  corresponding  eutectic  temperature. 


I  able  2. 


1  l<\lt  (  ,l{>. 

(  ify.C  ,  awl  relative 
f’ 

heat  raparity,  A C ^ 

of  tin*  IP 

»ii<l  cm  tec  tic  alloy  C 

°0.l  51  ?0.85 

IV  K 

C  /.]  mol  1 K 

P 

A  C  /J  mol  1 K  1 

P 

f>VJ 
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(*70 

1  I1) 
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f.'JO 
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60 
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28 

7  10 

hi 

1  I 
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h  \ 
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1 

700 

30 
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Table  I. 

Smoothed  values  of  the  enthalpy  variation  from 
298  K  to  temperature  T,  of  the  heat  capacity  and 


the  relative  heat  r  apacity  of  the  Au^  jf) 


T/K 

A29S1' 
kj  mol 

3-P 

.!  K"1  1 1 1  o  r 

ACp 

3  K"1  mol"1 

62  5 

1  7.76 

68.7 

18.8 

fvIO 

is.r> 

hi.  9 

18.0 

700 

21.30 

66.2 

16.3 

7  50 

23.57 

hh.  *> 

14.7, 

SOO 

25.75 

62.8 

12.9 

850 

27.85 

41.1 

1  1.2 

900 

29.S7 

39.5 

9.6 

oio 

31.80 

37.8 

7.9 

1000 

33.6*) 

36.1 

6.2 

1050 

3  5.61 

34.4 

4.  "> 

1  1 00 

37.09 

32.7 

2.8 

1  1  50 

38.68 

31.0 

l.l 

1  200 

60.19 

29.3 

-0.6 

1  2  30 

61.62 

27.7 

-2.2 

1  300 

42.96 

26.0 

-3.9 

1350 

66.22 

24.3 

-5.8 

Most  often,  such  a  variation  of 
the  relative  heat  capacity  has  been 

attributed  to  the  presence  of  preferential 
interactions  between  unlike  atoms  (see  for 
example  Chen  and  Turnbull,  1967)  and  its 
evolution  with  temperature.  However,  in  the 
case  of  tellurium-based  axloys,  the  peculiar 
behavior  of  pure  tellurium  in  the  liquid 
state  should  definitely  be  taken  into 

account  in  the  interpretation. 


3  -  Neutron  diffraction  measurements 

The  samples  were  prepared  by 
heating  pure  elements  until  the  lowest 
melting  temperature  was  reached,  by 

levitation  in  the  case  of  Au-Si  and  in  a 
quartz  container  under  vacuum  for  Ge-Te  ; 
the  alloys  were  then  filled  into  cylindrical 
containers  which  were  made  from  a  ©  6.10- 
8.14  mm  (resp.  ©  5.94-7.10  mm)  quartz  tube 

in  the  case  of  Au-Si  (resp.  Ge-Te) . 

The  neutron  diffraction 

measurements  were  performed  on  the  neutron 
diffraction  spectrometers  D20  and  D4B 
located  at  the  Institut  Max  Von  Laue-Paul 
Langevin,  Grenoble,  France,  operating 

respectively  at  a  wavelength  X  =  0.82  and 
0.703  A.  The  data  were  corrected  for  the 
quartz  container,  the  0.1  mm  thick  vanadium 
foil  heater  and  the  sample  self  absorption 
in  the  usual  way.  The  corrections  for 
inelasticity  effects,  multiple  scattering 
and  incoherent  scattering  were  made 
according  to  Eisenberg  et  al,(1982). 

3.1  -  Au-Si  alloys 

3.1.1  -  Structure  factor  S(Q) 


The  measurements  were  performed  at 
three  different  temperatures,  T/K  =  680,  780 
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and  880,  that  is  50,  150  and  250°C  above  the 
eutectic  point. 

The  structure  factors  measured  at 
the  two  extreme  temperatures,  680  and  880  K 
for  Q  s  14  A- 1  are  shown  in  the  figure  3. 


Rr.  l  -  Structure  factors,  MQ),  of  the  liquid 
\Uq  jjqSi  eutectic  alloy  versus  0  in  A*  ,  at  two 
temperatures  (the  zero  oi  the  ordinate  has  been  shifted 
by  *  I ). 

The  first  peak  at  Qi  =  2.70  A-1  is 

relatively  sharp  followed  by  small  peaks  at 
Q2  =  4.95,  Q3  =  7.15  and  Qi  =  9.34  A.  The 
ratio  Q2 /Qi  is  equal  to  1.83,  a  value 
observed  in  many  liquid  structures.  The 
structure  factors  measured  at  different 
temperatures  compare  very  well  as  far  as 
peak  positions  are  concerned,  suggesting  no 
important  change  in  the  local  order  with 
increasing  temperature.  The  lower  amplitude 
of  the  first  peak  at  880  K  shows  nothing 
more  than  increasing  thermal  disorder. 

3.1.2  -  Thermodynamic  limit 

As  the  thermodynamic  properties 
were  measured  by  Knudsen-cell  mass 
spectrometry  (Bergman  et  al ,  1978),  the 

thermodynamic  limit  can  be  used  to  scale  the 
data  for  the  value  Q  =  0.  Including  also 

estimated  values  of  the  isothermal 
compressibilities  and  the  densities,  the 
following  data  were  calculated  : 

S(0)  =  0.030,  0.034  and  0.039  at  T  =  680, 

780  and  880  K. 

The  densities  values  measured  in  the  liquid 
state  by  Filonenko  (1969)  were  discarded 
because  they  are  not  coherent  with  the 

observed  volume  expansion  on  solidification. 
Thus  we  estimated  d  =  15.6  g/cm3  from  the 
densities  of  the  pure  solid  elements  adding 
2%  to  take  into  account  the  volume 

variation . 

3-1-3  -  Pair  correlation  function 

We  have  reported  the  two  pair 
correlation  functions,  G(r)  =  4I3rPo  [g(r)-l] 
obtained  by  Fourier  transform'  of  the 

structure  factors,  in  the  figure  4  at  T  = 
680  and  880  K  ;  the  peak  positions  at  680  K 
are  ri  =  2.82,  r2  =  5.21  and  r2  =  7.40  A 


followed  by  small  oscillations  up  to  20  A 
which  is  the  normal  behavior  in  compact 
structures.  Increasing  the  temperature  by 
200°  does  not  affect  the  pair  correlation 
functions.  The  number  density  ,as  mentionned 
above,  has  been  taken  equal  to  0.057 
constant  with  respect  to  temperature  and  the 


Fig.  4  -  Pair  correlation  functions,  G(r)  ,  of  the  liquid 
Au  j;(j5ig  eutectic  alloy,  versus  the  distance  r  in  A 
at  two  temperatures  (the  zero  of  the  ordinate  has  been 
shifted  by  *  I). 

coordination  number  corresponding  to  the 
first  neighbours  shell  is  11.8. 

In  the  figure  5,  the  functions 
g(r)  of  the  eutectic  alloy  at  880  K  and  of 
pure  liquid  Au  (Waseda , 1980 )  are  reported 
and  can  be  compared.  It  can  be  seen  that 
they  are  quite  similar,  the  main  differences 
being  a  small  shift  in  the  peak  positions 
(at  shorter  distances  in  the  alloy)  and  the 
existence  of  a  small  hump  effect  on  the  left 
of  the  first  peak  in  the  eutectic  alloy. 
Using  the  same  method  of  calculation,  the 
coordination  number  in  pure  liquid  Au  is 
found  to  be  10.8. 


Fig.  1  -  Comparison  of  the  pair  correlation  functions, 
g(r),  of  the  liquid  Au^  20  at  3/K  880  (  ) 

and  of  pure  liquid  Au  at  T/K  1420  ( — ). 


Thes.  results  can  be  compared  to 
those  obtained  by  Waahorne  et  al  (1976)  ‘rom 
X-Ray  diffraction  measurements 
who  have  found  the  following  values  :  rt  = 
2.7.J  and  r2  =  4.7  3  A. 

3.2  -  Ge-Te  allots 

Neutron  diffraction  measurements 
have  been  performed  on  eutectic  Ge-Te  alloys 
by  Nicotera  et  al  (1972)  and  Neumann  et  al 
(1985,1987).  The  comparison  with  amorphous 
Ge-Te  sample  allowed  the  former  authors  to 
conclude  that  the  transition  from  the  liquid 
to  the  amorphous  state  is  accompanied  by  a 
chanqe  of  the  coordination  number  (3.25  to 
2.43) .  The  combination  of  neutron  and  X-ray 
diffraction  measurements  performed  by 
Neumann  et  al  leads  to  the  determination  of 
the  partial  pair  correlation  functions  and 
they  propose  a  scheme  where  a-GeTe-Iike 
associates  and  pure  Te-reqions  are 
coexisting  in  the  low  temperature  liquid  . 

3.2.1  -  Structure  factor  S (Q) 
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The  measurements  were  performed  at 
four  different  temperatures  T  =  943,  733, 

b7 3  and  613  K  by  decreasing  the  temperature 
in  order  to  obtain  supercooled  liquid 
IT-,,  i  .  =  648KI  wh'-re  CSRO  is  expected  to  be 
important.  The  structure  factors  measured 
for  Q  s  l7  A  1  at  the  different  temperatures 


are  represented  in  the  figure  6  and  the 
values  of  Q  a *•  which  the  maxima  of  S(Q) 
arise  are  given  in  the  table  3.  Three  main 
observations  can  be  made  : 

-  the  presence  of  a  pre-peak,  at  Qo  ,  whi  _h 
Vanisnes  with  increasing  temperature 

-  this  small  prepeak  is  followed  by  five 

pears  whose  positions  slightly  shift  towards 
small  Q  by  increasing  temperature,  except 
the  second  one  noted  Q'i  (cf  table  3)  whose 
maximum  is  located  at  the  value  3.30  A'1 

independent  on  T 

the  intensity  of  this  peak  Q'i  is  strongly 
temperature  dependent  by  opposite  to  the 
others  which  rniy  show  increasing  thermal 
disorder . 

3.2.2  -  Thermodynamic  limit 

The  estimation  of  the  different 
thermodynamic  data  used  in  calculating  the 
lin.it  was  made  frcm  the  knowledge  of  the 
enthalpies  of  mixing  measured  by  calorimetry 
at  1150  K,  the  densities  measured  by 
Nicotera  et  al  (1972)  and  the  isothermal 
compressibilities  of  the  pure  liquid 
elements.  The  following  values  were  obtain’d 
:  S ( 0  >  =  0.070,  0.073,  0.078  and  0.094  at  T 

=  633,  673,  733  and  943  K. 

3.2.3  -  Pair  correlation  function 

The  four  pair  correlation 
functions  G(r)  =  4nr^o  [g(r)-l]  are  reported 
in  the  figure  7  ;  the  peak  positions  of  the 
functions  G(r),  as  well  as  the  coordination 
nu„iber  are  given  in  the  table  4.  The  main 
features  are  the  following  : 


O  2  4  6  8  10  12  1  *  16  18  r  20 


(i^;.  7  -  Put  i  orrH.ition  t ' t  ion,.  t.,(t),  *7  '!i.-  l ; .  j .,  i ; , ! 
G'\  j  Me,  ^  oiitt'if:  ,i!l.'\  \  '  i  ■  .  t.t  in  1  !.  ,7 

flifjrrrnt  trrn,  atilic  (the  .’r'to  e-l  the  i»t  •  1 i  rut  t<* 
been  shifted  h\  *  !  ). 

-three  main  peaks  are  observed  and  the  shape 
of  the  second  peak  smoothly  changes  with  T 
up  to  the  highest  temperature  where  a  sub¬ 
peak  appears  on  the  left  side. 

-the  corresponding  r2  and  rj  values  of  the 
second  and  the  third  maximum  (cf  t<  le  4) 
are  constant  while  ri  is  varying  from  2.68 
to  2.86  in  the  temperature  range 
invest igated . 
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The  number  density  determined  by 
Ni cetera  et  al  (1972)  takes  the  values  : 
0.0298,  0.0296,  0.0294  and  0.0298  at. A-3  by 
increasing  T  from  633  to  943  K  .  The 
corresponding  coordination  numbers  given  in 
the  table  4  are  obtained  in  the  integration 
range  2.30  <.  r  s  3.15  ;  the  variation  from 

2.83  to  2.96  with  increasing  temperature  is 
ir*’h;r  weak. 

I.iblr  4. 
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3.2.4  -  Comparison  with  pure  tellurium 
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The  figure  8  presents  the  total 
structure  factors  of  the  eutectic  alloys  at 
the  two  extreme  temperatures  as  well  as  S(Q) 
of  pure  liquid  tellurium  given  in  Waseda 
i  19  8  0)  at  T/K  =  740.  It  can  be  seen  that  the 
spectra  differ  much  more  at  low  than  at  high 
temperature.  More  recent  measurements 
performed  at  different  temperatures  in 
supercooled  and  liquid  tellurium  (Menelle  et 
al,1987>  should  also  be  compared  in  order  to 
improve  the  analysis. 

3.3  -  Conclus ion 

At  the  present  time,  this  study 
concerns  essentially  experimental  results 
and  allows  us  to  present  preliminary 
conclusions  . 

The  structural  and  thermodynamic 
investigations  of  Au-Si  and  Ge-Te  liquid 


eutectic  alloys  clearly  show  strongly 
different  behaviors.  If  for  both  systems, 
the  relative  heat  capacities  are  different 
from  zero,  the  maximum  value  observed  in  the 
Ge-Te  system  is  ten  times  higher  than  that 
of  the  Au-Si  one  ;  furthermore,  f  > 
temperature  range  in  which  the  variati. n 
can  be  observed  as  150  0  for  Ge-Te  and  more 
than  450°  for  Au-Si ,  probably  involving 
different  mechanisms. 

The  structure  factors  and  the  pair 
distribution  functions  are  very  different 
too.  The  structure  factor  of  the  Au-Si 
eutectic  alloy  compares  well  with  that  of  a 
liquid  metal ,  characteristic  of  compact 
structures  and  does  not  show  any  significant 
variation  with  the  temperature.  It  is  very 
similar  to  that  of  pure  gold.  On  the 
contrary,  the  structure  factor  of  the  Ge-Te 
eutectic  alloy  presents  some  characteristics 
of  the  liquid  semiconductors  with  a  prepeak 
vanishing  at  high  temperature  and  thre» 
other  peaks  relatively  temperature  - 
insensitive  in  amplitude,  slightly  shifting 
towards  low  Q,  within  the  investigated 
temperature  range.  However,  the  second  peak 
which  is  located  at  y ' i  (cf  table  3) 

strongly  varies  as  far  as  the  intensity  is 
concerned  but  is  located  at  a  constant  f. 
value.  A  rough  comparison  with  pure 
tellurium  shows  a  tendency  for  the  s(Q)  of 
Ge-Te  to  become  closer  to  pure  Te  at  high 
temperature . 

In  conclusion,  the  thermodynamic 
study  (especially  the  measurement  of  the 
relative  heat  capacity)  can  point  out  a 
peculiar  temperature  dependence  even  if  no 
significant  variation  can  be  inferred  from 
the  stuctural  study.  Obviously,  the 
development  of  simulation  models  is 
definitely  necessary  to  go  further  in  the 
interpretation  of  these  results. 
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Abstract . - 

Predictions  of  relative  solid  solubility  in  binary  alloys  of  transi¬ 
tion  metals  are  made  using  the  semiempir ical  theory  of  Miedema.  In  this 
treatment  the  heat  of  solution  of  a'  solute  metal  S  in  a  matrix  metal  M  in¬ 
cludes  a  chemical  contribution,  an  atomic  size  mismatch  contribution  and  a 
structural  contribution.  For  low  temperature  phases  the  model's  predictions 
are  in  good  agreement  with  the  available  experimental  information.  We  also 
calculate  relative  solid  solubilities  in  some  high  temperature  phases  con¬ 
taining  Zr  and  Hf,  whose  shear  moduli  are  expected  to  be  much  smaller  in 
this  region  than  at  low  temperatures.  Although  theBe  latter  calculations 
are  only  approximate,  the  model's  predictions  are  also  encouraging  in  this 
case. 


1  -  -  Introduction 

Relative  solid  solubility  at  the  ends 
of  the  concentration  range  in  the  phase 
diagram  of  binary  alloys  has  interested 
metallurgists  ever  since  Hume-Rothery  pro¬ 
posed  his  "relative  valence  rule”  (Hume- 
Rothery  et  al.  1969).  According  to  this  rule 
a  higher-valent  metal  is  more  soluble  in  a 
lower-valent  metal  than  vice  versa.  Later 
work  has  clarified  the  situation  a  good 
deal.  Gschneldner  (1980)  examined  300  sys¬ 
tems  formed  by  two  metals  of  different 
valency  and  for  which  the  terminal  solid 
solubilities  are  known  at  both  ends  of  the 
phase  diagram;  the  result  was  that  55%  of 
the  systems  do  not  obey  the  rule.  Watson  et 
al.  (1983)  found  that  the  trends  in  TM-TM 
alloys  (TM=transitlon  metal)  can  be  corre¬ 
lated  with  band  theory  concepts:  in  admit¬ 
tedly  simplified  terms,  their  observation 
is  that  the  metal  with  a  d-band  closer  to 
half-filled  prefers  to  be  the  solute  rather 
than  the  solvent. 

Prediction  of  the  correct  trends  in 
relative  solid  solubilities  is  a  strong  test 
for  theories  of  alloy  formation.  Pettifor 
(1987)  and  Watson  et  al.  (1983)  extended  to 
TM-TM  alloys  the  successful  d-band  bonding 
model  of  the  cohesive  energies  of  transition 
metals  (Frledel  1969).  Then  Watson  et  al. 
(1983)  calculated  the  heats  of  solution  of 
one  transition  metal  in  another  and  vice 
versa  and  found  that  the  trend  in  the 
calculated  heats  of  solution  parallels  that 
observed  in  the  experimental  relative  solid 
solubll itles  . 

A  semiempir leal  model  of  alloy  forma¬ 
tion  developed  by  Miedema  and  coworkers 
which  was  originally  devised  to  describe 
liquid  alloys  and  ordered  solid  compounds 
(Miedema  et  al.  1980)  has  recently  been 
extended  to  handle  terminal  solid  solutions 
(Niessen  and  Miedema  1983,  LApez  and  Alonso 
1985).  As  far  as  we  know,  the  predictions  of 
this  model  concerning  relative  solubilities 
have  not  been  explicitly  tested.  This  is  the 


main  objective  of  the  present  paper.  Since 
in  this  model  the  heat  of  solution  i3  the 
sum  of  three  distinct  components,  a  chemical 
contribution,  an  atomic  size  mismatch  con¬ 
tribution,  and  a  structural  contribution,  we 
have  also  looked  at  the  relevance  of  each  of 
these  to  the  problem  in  hand.  One  of  our 
objetives  is,  in  fact,  to  propose  a  modifi¬ 
cation  of  the  structural  contribution  which 
leads  to  an  improved  agreement  with  experi¬ 
ment  concerning  relative  solubilities. 

As  shown  elsewhere  (Gallego  et  al. 
1988,  Van  der  Kolk  et  al.  1988)  an  accurate 
description  of  terminal  solid  solubilities 
is  needed  for  theories  which  aim  to  predict 
the  concentration  range  in  which  amorphous 
alloys  can  be  obtained. 

2.-  A  model  for  the _ heat _ at _ aflliltian _ La 

gttbg.tituUonal  allays 

Since  the  description  of  the  heat  of 
solution  Ah  (S  in  M)  of  a  solute  metal  S  in 
a  matrix  metal  M  is  well  documented  else¬ 
where  (Niessen  and  Miedema  1983),  we  only 
give  here  a  brief  account,  with  emphasis  on 
the  parts  of  the  model  which  are  relevant  to 
our  discussion  below.  Our  work  will  be  res¬ 
tricted  to  TM-TM  alloys.  For  these.  Ah  (S  in 
M)  can  be  written  as  the  sum  of  three  terras 


Ah  (S  in  M) 


..  chem  .  ..size  .  ..struct 
An  +  An  +  Ah 


(i) 


Ahc  em  is  a  chemical  term,  equal  to 
the  heat  of  solution  of  liquid  S  .in  liquid 
M.  The  precise  expression  for  Ah  is  the 
core  of  Miedema 's  model  (Miedema  et  al. 

1980)  . 

Ahslze  is  the  elastic  energy  genera¬ 
ted  when  a  solute  atom  of  volume  Vgis  forced 
into  a  hole  of  volume  V  in  thl  matrix. 
Classical  elasticity  theory  leads  to  the 
expression 
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Ah 


size 


2KSGH 


3KgVM  +  «GmV3 


(VM-V*>2 


(2) 


negative  (less  positive)  than  Ah  (B  in  A), 
and  both  solubilities  will  be  about  equal  if 
the  two  heats  of  solution  have  similar 
values . 


where  K„  is  the  bulk  modulus  of  the  solute 
metal  and#G.,  is  t.h.t  shear  modulus  of  the 
matrix.  and  Vg  are  effective  volumes 
corrected  r or  charge  transfer  effects  (Nies- 
sen  and  Miedema  1983). 

Finally,  Ahatruct  reflects  the  fact 
that  in  the  transition  metal  series  there  is 
a  well  known  correlation  between  the  number 
Z  of  valence  (s+d)  electrons  and  the 
equilibrium  crystal  structure.  This  trend 
has  been  quantified  by  Niessen  and  Miedema 
(1983),  who  have  derived  the  variation  of 
absolute  stability  E  (Z)  ( cr=  bcc ,  fee,  hep) 
of  each  of  the  main  crystal  structures  in 
the  transition  metal  series.  In  view  of  this 
correlation,  it  is  reasonable  to  assume  that 
structure  dependent  energies  in  TM-TM  solid 
solutions  also  vary  systematically  with  the 
average  number  of  valence  electrons  per  atom 
when  the  two  metals  form  a  common  d-band. 
Consequently,  dissolving  metal  3  in  a  host  M 
changes  the  energy  that  stabilizes  the  crys¬ 
tal  structure  of  the  host.  The  structural 
energy  change  upon  dissolving  metal  S  (with 
crystal  structure  a )  in  the  matrix  M  (with 
structure  o')  can  be  written  as 


Ahstruct  Jn  «  ( E  , ( Z ( M } ) -E  ( Z ( S )  )  )  + 

o  o'  cr  o 


*  (Z(S)  -  z< 


r  dE„.<z>  i 

)  — e: - 

L  dz  J 


,  <3) 
Z=Z(M) 


where  the  first  term  corresponds  to  the  dif¬ 
ference  in  structural  energy  of  the  pure 
metals  and  the  second  is  the  change  in 
structural  stability  of  the  o'  structure  due 
t°o£J)«>c£hange  in  average  valency.  Evidently, 
Ah°  can  be  easily  computed  from  the 
stability  functions  E^(Z). 

In  the  following  sections  we  employ 
the  model  described  here  to  study  the  rela¬ 
tive  solubilities  of  systems  whose  phase 
diagrams  present  different  degrees  of  com¬ 
plexity. 

3.-  Alloys  without  intermediate  compounds 

The  experimental  information  on  termi¬ 
nal  solid  solubilities  is  contained  in  phase 
diagram  compilations  (Hansen  and  Anderko 
1986,  Elliot  1386,  Shunk  1986,  Moffatt 
1984).  When  intermediate  phases  do  not 
exist,  the  only  competitive  phases  are  the 
terminal  solid  solutions  of  A  in  B  and  of  B 
in  A.  In  this  case  the  relative  solubilities 
will  be  controlled  by  the  relative  values  of 
the  heat  of  solution  since  the  partial 
entropy  of  a  phase  is  usually  a  small 
fractior  of  the  partial  enthalpy  (Watson  et 
al.  1983,  Kubaschewskl  1981).  That  is,  the 
solubility  of  A  in  B  will  be  larger  than 
that  of  B  in  A  if  Ah  (A  in  B)  is  more 


Table  1  shows,  for  39  alloys  of  4d  and 
5d  metals  for  which  the  above  references 
give  solubility  data,  whether  there  is 
agreement  (Y)  or  not  (H)  between  these  data 
and  the  theoretical  predictions  based  on 
comparison  of  values  of  Ah  (A  in  B)  and  Ah 
(B  in  A)  calculated  using  the  model  of 
Section  2  (alloys  containing  Y  or  La  have 
not  been  included  because  it  is  expected 
that  the  solute  atoms  prefer  to  be  inters¬ 
titial  in  several  systems  based  an  those  two 
metals).  In  the  case  of  alloys  containing 
Zr  or  Hf,  the  theoretical  and  experimental 
results  considered  are  for  temperatures  at 
which  the  low  temperature  hep  phase  of  these 
two  metals  is  the  stable  one. 

Table  1.  Comparison  of  predictions  and  expe¬ 
rimental  observations  of  relative  solid 
solubilities  in  binary  alloys  without  inter¬ 
mediate  compounds.  Agreement  is  indicated  by 
Y  and  disagreement  by  N.  Theoretical  predic¬ 
tions  are  based  on  Ah  of  equation  (1)  with 
Ahs  ru  obtained  from  the  unmodified  sta¬ 
bility  functions  of  Niessen  and  Miedema 
(1983)  . 
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Agreement  with  the  heat  of  solution 
criterion  is  obtained  in  31  cases  (79%),  and 
disagreement  in  8  cases  (21%)  :  TcRh,  Tclr, 
TcPt,  RuPt,  RhRe,  RhOs,  Relr  and  OsPt.  We 
think  that  the  main  source  of  the  discrepan¬ 
cies  lies  in  the  theoretical  predictions, 
for  the  following  reason.  The  structural 
stability  functions  of  Niessen  and  Miedema 
(1983)  have  been  "smoothed"  somehow.  For 
o^bcc,  a  minimum  was  introduced  in  E  (Z)  at 
Z«5.5  and  a  maximun  at  Z*8.5,  and  vice  versa 
for  o-=fcc  and  o^hep  curves.  Although  this 
procedure  seems  reasonable  it  is  not  evident 
that  it  is  better  than  just  drawing  straight 
lines  between  Z  =  4  and  Z  =  5,  and  between  Z=8 
and  at  Z=9.  In  fact,  the  structural  stabi¬ 
lity  functions  plotted  by  Skrlver  (1985), 
obtained  from  density  functional  calcula- 
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tions  for  the  pure  metals,  do  not  display 
such  "smoothed"  behaviour. 

Figure  1  shows  the'  result  of  deleting 
the  maxima  and  minima  at  Z  =  5 . 5  and  Zp8  .S. 
This  change  can  obviously  affect  Ah  8 
through  the  derivative  IdE  ,(Z)/dZl.  When 
applied  to  the  alloys  of  taMe  1  the  modi¬ 
fied  heats  of  solution  lead  to  agreement 
with  experimental  relative  solubilities  in 
35  cases  (90%)  and  discrepancy  in  only  4 
(10%) :  TcPt,  RuPd,  RhOs  and  PdOs,  two  of 
which  are  common  to  table  1.  The  Improvement 
obtained  is  significant. 


Fig.l.  The  structural  stability  E  of  para¬ 
magnetic  transition  metal3  with  bcc  (  - ), 

fee  (-  -  -)  and  hep  ( . )  structures  as 

a  function  of  the  number  Z  of  valence  elec¬ 
trons  per  atom.  These  have  been  obtained 
after  Nlessen  and  Miedema  (1983),  but  inter¬ 
polating  linearly  between  Z  =  4  and  Z=5,  and 
between  Z  =  8  and  Z=9. 

*■-  Alloys  with  Intermediate  phases 

When  intermediate  phases  are  present, 
the  dilute  solution  competes  with  its  neigh¬ 
bouring  compound  and  not  with  the  other 
terminal  solution.  This  question  has  been 
explored  by  Ansara  (1979)  and  by  LApez  and 
Alonso  (1985).  The  work  of  these  authors 
illustrates  the  role  played  by  line  com¬ 
pounds  in  lowering  the  solubility  limits. 
Nevertheless,  it  is  appropriate,  in  first 
approximation,  to  follow  the  traditional 
route  of  making  comparison  between  calcula¬ 
ted  heats  of  solution  and  relative  solubili¬ 
ties  (Watson  et  al.  1983,  Ansara  1979). 

Table  2  lists  the  results  of  comparing 
experimental  relative  solubilities  with 
values  of  Ah,  using  the  corrected  values  of 
Ah8  calculated  from  fig.  1.  The  results 
for  Zr  or  Hf  alloys  again  correspond  to 
temperatures  at  which  the  hep  phase  of  these 


two  metals  is  the  stable  one.  Of  the  34 
systems  for  which  experimental  data  were 
found  we  obtained  wrong  predictions 
5  cases  (15%).  When  the  uncorrected  Ahs 
is  used,  8  wrong  predictions  are  obtained 
(24%). 

Table  2.  Comparison  of  predictions  and  expe¬ 
rimental  observations  of  relative  solid 
solubilities  in  binary  alloys  with  interme¬ 
diate  compounds.  Agreement  is  indicated  by  Y 
and  disagreement  by  N.  Theoretical  predic¬ 
tions  are  based  on  Ah  of  equation.  (D  with 
the  corrected  values  of  Ah  8  *  obtained 

from  fig.  1. 


B  Zr  Nb  Mo  Tc  Ru  Rh  Pd  Hf  Ta  W  Re  Os  Ir  Pt 
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5.-  Solid _ solubility  in  high-temperature 

Bfaaftfifi. 

To  calculate  high  temperature  solid 
solubility  it  is  necessary  to  know  the  tem¬ 
perature  dependence  of  the  elastic  moduli  K 
and  G  (see  equation( 2 ) ) .  For  several  metals, 
such  as  Zr  and  Hf,  it  is  known  (Niessen  and 
Miedema  1983)  that  at  AT=1000  K,  AG/G  is 
about  50%,  which  is  exceptionally  large. 
Consequently  the  size  mismatch  contribution 
to  the  heat  of  solution  in  these  metals  will 
fall  considerably  with  rising  temperature. 

We  have  compared  the  theoretical  high 
temperature  relative  solid  solubilities  with 
the  experimental  information  for  some  Zr  and 
Hf  alloys  without  intersmdiate  compounds: 
ZrNb,  Zr Hf ,  ZrTa,  NbHf  and  HfTa.  The  predic¬ 
tions  were  based  on  equation  (1),  with  the 
corrected  Ah8  c  calculated  for  the  high 
temperature  bcc  structures  of  Zr  and  Hf.  As 
far  as  we  know,  the  elastic  constants  of 
bcc-Zr  and  bcc-Hf  are  not  available,  so  that 
we  have  taken  for  the  bulk  moduli  the  values 
corresponding  to  the  low  temperature  hep 
phases,  and  have  assumed  that  the  shear 
moduli  are  reduced  by  half.  The  values  of 
the  elastic  constants  of  the  other  metals 
have  been  considered  as  Independent  of 
temperature.  Of  the  5  systems  considered 
(all  those  for  which  sufficient  experimental 
data  are  available),  predictions  and  experi¬ 
ment  agree  in  4  (80%)  and  disagree  in  only 


Y  Y 

Y  N  N  Y 

Y  Y  Y  Y 

Y 

Y 

Y 

Y  Y 

Y  Y  Y  Y 
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one,  ZrTa,  (20\).  Given  the  simplicity  of 
the  approximation  made  concerning  the  elas¬ 
tic  constants,  these  results  can  be  consi¬ 
dered  successful. 

An  analogous  study  was  finally  per¬ 
formed  for  systems  with  intermediate  com¬ 
pounds.  The  theoretical  predictions  were 
based  on  the  same  assumptions  as  above  about 
the  temperature  dependence  of  the  elastic 
constants  of  the  various  metals.  Of  the  13 
systems  considered  (ZrMo,  ZrRu,  ZrRh,  ZrPd, 
ZrW,  ZrOs,  Zrlr,  ZrPt,  MoHf ,  RuHf ,  PdHf,  Hftf 
and  HfRe)  we  obtained  correct  prediction  in 
only  7  cases:  ZrMo,  ZrRh,  ZrPd,  Zrlr,  RuHf, 
PdHf  and  HfRe.  Better  results  are  neverthe¬ 
less  to  be  expected  when  more  accurate  esti¬ 
mates  of  the  temperature  dependence  of  the 
elastic  constants  become  available. 

The  poorer  quality  of  our  predictions 
for  alloys  with  intermediate  compounds  with 
respect  to  those  for  the  case  when  interme¬ 
diate  phases  are  absent,  reveals  that  a 
fully  satisfactory  theory  of  the  relative 
terminal  solubilities  requires  going  beyond 
the  simple  comparison  of  heats  of  solution. 
Explicit  consideration  of  the  effect  of 
intermediate  compounds,  as  done  for  instance 
in  our  exploratory  calculations  (L6pez  and 
Alonso  1985),  is  then  needed  for  this  pur¬ 
pose  . 


The  semi -empirical  model  for  the  heat 
of  solution  of  binary  alloys  developed  by 
Miedema  and  coworkers  provides  a  useful 
framework  for  studying  the  relative  solid 
solubilities  of  transition  metal  systems. 
The  predictions  of  the  model  are  very  suc¬ 
cessful  for  low  temperature  phases,  espe¬ 
cially  when  the  correction  that  we  have  pro¬ 
posed  for  calculating  the  structural  contri¬ 
bution  is  introduced.  For  high  temperature 
Zr-  and  Hf-based  alloys  we  have  made  an 
approximate  estimation  of  the  size  mismatch 
contribution  to  the  heat  of  solution  by  con¬ 
sidering  that  the  change  in  this  quantity  is 
mainly  due  to  the  known  large  reduction  in 
the  shear  moduli  of  Hf  and  Zr  with  respect 
to  the  low  temperature  values.  Although  the 
results  obtained  with  this  assumption  can  be 
considered  encouraging,  it  1b  expected  that 
agreement  with  experiment  will  be  better 
when  a  more  accurate  estimation  of  the  tem¬ 
perature  dependence  of  the  elastic  constants 
of  the  various  metals  is  available. 

Our  results  also  suggest  that  the 
effect  of  intermediate  compounds  on  the 
solubility  of  terminal  phases  should  be 
taken  into  account  for  quantitative  purposes 
when  those  compounds  exist. 
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Abstract.  - 


The  thermal  efficiency  of  three  single  crystals  of  identical  chemical  composition 
and  different  crystalline  orientation  has  been  determined.  Due  to  the  shape  memory 
effect,  these  single  crystals  can  convert  heat  produced  by  temperature  differences  into 
mechanical  energy.  It  can  be  seen  than  the  single  crystals  of  lesser  interplanar  distan¬ 
ce  in  relation  to  compression  axes  have  greater  thermal  efficiency. 


1 .  Introduction,  - 

The  possibility  of  converting  thermal  ener 
gy  into  mechanical  energy  through  memory  effect 
matf~'»ls  has  been  studied  by  authors  such  as 
(Ahlers  1975)(Tong  et  al.  1974),  who  have 
built  various  prototypes  of  solid  state  engines 
with  Cu-Zn-AI  and  Ni-Ti  alloys. 

These  prototypes  are  based  on  two  way 
memory  effect  in  which  the  material  can  be  ma¬ 
de  to  remember  successively  and  cycles  both 
the  (3  and  martensite  form;  despite  being  submi¬ 
tted  to  up  to  70  Kg/mm^  compression  stress. 
This  two  way  memory  ettect  is  acneived  through 
a  training  process  (Guilemany  et  al .  1990). 

An  ideal  solid  state  engine  must  be  made 
with  single  crystals  with  total  ( Martensite---*  (3  ) 
retransformation,  since  both  polycrystal  grain 
b'-mdaries  and  stabilized  martensite  have  an 
associated  energy  which  diminishes  the  engine 
efficiency . 

The  thermal  efficiency  is  given  by  the 
equation  (Ahlers  1975)  (Tong  et  al.  1974)  (Wo- 
llats  1979) 


The  temperature  To(<T)  can  be  approxi¬ 
mated  as:  (p.0  <r-o 

To(<T)  =  1  /  2  ( Ms  +  As  )  [4J 

containing  Ms  the  start  (  (& - ►  Stress  Induced 

Mar  lensite  ,  S  .  I .  M  .  )  transformation  temperature, 
and  the  start  (S.I.M. - >  (3)  retrans¬ 

formation  temperature  extrapoled  to  zero  stress. 


The  stress  induced  transformation  enthal 
py  can  be  expressed  as  (Wollats  1979): 

(AH  To «T))  r 

Ah  (<t)  = -  L  J 


2,  Experimental  Procedure.- 

The  thrt  single  crystals  were  obtained 
by  the  Bridgman  method  (Guilemany  et  al,1988) 
and  have  a  chemical  composition  in  atomic  per¬ 
centage  of  68.67%  Cu,  16.22%  Zn  and  15.11% 
Al  with  an  electron  to  atom  ratio  of  1.464. 


The  crystalline  orientations  of  the  planes 
perpendicular  at  the  compression  axes,  deter¬ 
mined  by  Laue  method  were  (311),  (321)  and 
(  322).  The  specific  heat  of  these  alioys  is 
0.595  J/gK  (Hodgman  1970). 


AH  ATo 

To(  C  ATo  +AH(<T)) 

P 

where  : 

C  :  specific  heat  of  the  alloy. 

AH  :  transformation  enthalpy. 

ATo  =  To(<T)  -  To  [2] 

in  which  To,  the  equilibrium  temperature , can  be 
calculated  by  the  expression  (Salzbrenner  1980) 
To  =  1/2  (Ms  +  As)  3 

in  which  Ms  is  the  start  ( (i - *  Martensite) 

transformation  temperature  and  As  is  the  start 
(Martensite - *  A  )  retransformation  temperature. 


The  calorimetric  system  used  has  alrea¬ 
dy  been  described  in  previous  papers  (Munta- 
sell  et  al.  1988 )  ( Muntasell  et  al.  1989).  The 
system  allows  the  measurement  of  the  charac¬ 
teristic  temperatures  Ms,  Mf,  As  and  Af,  wh[ 
le  the  transformation  enthalpy,  AH,  is  calcula¬ 
ted  by  integration  of  the  calorimetric  curve. 

Cylindrical  samples  used  (  5  mm  diame¬ 
ter,  6  mm  high,  400  mg  mass)  underwent  a# 
heat  treatment  consisting  of  10  minutes  at  850  C 
and  watei  quench  to  room  temperature.  This 
flow  calorimeter  measures  differential  signals 
(AT)  by  means  of  thermobatteries  MELCOR. 
Temperature  was  measured  by  means  of  a 
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standard  Pt-100  probe. 

The  compression  tests  were  carried  out 
on  the  same  samples,  after  the  calorimetric 
test,  using  a  Houndsfietd  W  machine  at  different 
temperatures  (0,  10,  20,  30,  50  and  70°C). 
The  rate  at  which  stress  was  applied  to  the 
sample  was  10  MN/m  s  (Gil  1989). 


3.  Results  and  Discussion.  ■ 


T able  I  gives  the  measured  martensitic 
transformation  temperatures,  the  equilibrium 
temperatures  and  enthalpies  associated  with  the 
transformation.  No  considerable  differences  can 
be  seen  in  these  values  with  crystalline  orienta¬ 
tion.  This  is  due  to  the  fact  that  thermal  origin 
transformation  has  24  "Self  Accommodation" 
martensite  variants. 

The  measured  transformation  stress  co¬ 
rrected  by  Schmid  factor  (  fb — *S.I.M.)  for 
each  single  crystal  and  test  temperature,  are 
shown  in  Table  II.  As  the  crystalline  orientation 
are  in  the  same  stereogrephic  triangle  the  sin¬ 
gle  crystals  will  have  identical  Schmid  factor, 
which  in  this  case  and  in  accordance  with  (Me¬ 
llon  1909)  (Lovey  1989)  and  (Gil  1989)  is  0,4 
in  relation  to  slip  plane. 

As  the  temperature  increases,  an  increa¬ 
se  in  stress  can  be  observed.  This  increase 
can  be  explained  by  the  fact  that  the  stability  of 
fb -phase  is  greater  as  the  temperature  increas¬ 
es.  The  stress  has  to  increase  so  that  mecha¬ 
nical  energy  may  overcome  the  thermodynamic 
stability. 

From  linear  equations  of  the  stress  re¬ 
quired  to  induce  martensite  (corrected  by 
Schmid  factor)  versus  test  temperature  (Table 
11)  it  was  possible  to  obtain  the  Ms  and  As  tem¬ 
peratures  by  extrapolation  to  zero  stress.  The 
equilibrium  temperature  under  stress  To((T  )  is 
calculated  by  equation  W  .  The  above  tempera 
tures  are  shown  in  Table  III  as  in  enthalpy  as¬ 
sociated  with  stress  induced  martensitic  trans¬ 
formation  calculated  by  equation  CO- 

Thermal  efficiency  calculated  from  equa¬ 
tion  shows  that  there  is  a  strong  influence 

single  crystals  orientation.  Thermal  efficiency 
was  greater  when  the  interplane  distances  in 
relation  to  compression  axes  were  small.  When 
the  interplane  distances  are  small,  the  martensi¬ 
tic  plates  have  a  greater  amount  of  stored  elas_ 
tic  energy,  since  in  this  case  there  is  more  in¬ 
ternal  stress  and  contact  surfaces  between  mar¬ 
tensite  plates  and  fi  -martensite  interphases. 

This  brings  about  a  great  conversion  to  mecha¬ 
nical  energy  with  the  same  calorific  energy. 
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TABLE  I.  Transformation  and  equilibrium  temperatures.  Martensitic  thermal  transformation 
enthalpy. 


Crystalline 

Orientation 

Ms  (K) 

Mf  (K) 

As  (K) 

Af  (K) 

To  (K) 

£H  (J/g) 

(311) 

284 

253 

266 

292 

275 

6.2 

(321) 

283 

252 

266 

289 

275 

5.8 

(  322) 

284 

253 

266 

29  0 

275 

6.5 

TABLE  II. 


Transformation  and  retransformation  stress  corrected  by  Schmid  factor  for  differents 
test  temperatures. 


a-*m  ,  M-*/*  2 

Crystalline  T  ( °C  )  ^((MN/m  )  (J^(MN/m  ) 

Orientation _ 


Equation 

Ojch/T 


(311) 


(331) 


(322) 


0 

17.6 

4. 

8 

10 

3  3.'2 

17. 

6 

20 

45.8 

22. 

8 

- 

23. 

20 

+ 

1. 1ST 

30 

59.6 

35. 

2 

jr- 

<Jst«= 

6. 

38 

+ 

0.94T 

50 

87.1 

59. 

6 

70 

98. C 

68. 

8 

0 

27.2 

_ 

10 

44.6 

17. 

0 

20 

58.0 

28. 

0 

(Jso»= 

32. 

13 

+ 

1.29T 

30 

77.6 

40. 

0 

<rM= 

*CM 

7. 

26 

+ 

1.03T 

50 

103.1 

58. 

0 

70 

116.0 

80. 

2 

0 

24.5 

6. 

8 

10 

48.8 

14. 

6 

20 

66.0 

26. 

0 

34. 

97 

+ 

1.21T 

30 

50 

76.0 

102.  2 

34. 

45. 

9 

6 

(T**= 

Sen 

8. 

21 

+ 

0.78T 

70 

111.8 

63. 

0 

TABLE  III.  Temperatures  and  enthalpy  values  associated  with  stress  martensitic  transformation 
Thermal  efficiency  values. 


C  rystalline 
Orientation . 

Ms  (K) 

<r-*o 

As  (K) 

To  («1  (K) 

£H\'(J/g) 

ATo  (  k  ) 

It  W 

(311) 

253 

288 

271 

6. 1 

4 

1.06 

(321) 

248 

288 

268 

5.7 

7 

1.50 

(322) 

245 

284 

265 

6.2 

11 

2.03 

J 
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Abstract . - 

TTTe  Wagner-Schottky  model  is  a  statistical  thermodynamic 
model  for  crystalline  ordered  nonstoichiometric  phases.  From  the 
intrinsic  disorder  at  the  stoichiometric  composition  it  is  pos¬ 
sible  to  calculate  the  equilibrium  point  defect  concentrations  at 
any  composition  within  the  phase  boundaries.  Using  the  Wagner- 
Schottky  approach  the  authors  have  treated  the  B2-  and  88- 
structures  in  a  more  general  way  than  previously.  The  model  is 
applied  to  the  B2-phases  8' -PdMn  and  ft'-NiAl  as  well  as  to  the  88- 
phases  in  the  Ni-Sb  and  the  Ni-Te  system. 


1 . -  I n  t roduc  t ion 

If  we  keep  a  closed  binary  system  at 
constant  pressure  and  constant  uniform 
temperature  the  following  the rmodynam i c 
equilibrium  condition  is  valid: 


(N.  and  Np  are  the  numbers  of  atoms  of 
components'll  and  2  .  ) 

In  their  model  Wagner  and  Schottky 
(1931)  derived  expressions  relating  the 
chemical  activities  of  the  components  of  a 
nonstoichiometric  ordered  binary  compound  to 
the  deviation  from  stoichiometry.  It  is  the 
existence  of  imperfections  in  the  basically 
ordered  crystal  lattice  that  is  responsible 
for  the  phenomenon  of  non s to  i ch i ometry  . 
Deviations  from  stoichiometry  are  caused  by 

d  9  f  9  c  t.  z 

Three  types  of  point  defects  are 
important:  vacancies,  interstitial  atoms  and 
substitutional  defects,  and  the  thermo¬ 
dynamic  properties  of  the  crystal  depend  on 
the  equilibrium  concentrations  of  the 
different  types  of  point  defects. 

Equation  (1)  enables  us  in  principle 
to  derive  the  equilibrium  point  defect 
concentrati  ■  as  functions  of  the  deviation 
from  stoichiometry.  Using  the  concentrations 
of  the  different  defects  at  stoichiometry 
(which  are  entirely  due  to  thermal  exci¬ 
tation)  as  parameters,  it  is  possible  to 
calculate  their  concentrations  as  functions 
of  the  composition  within  the  nonstoichio¬ 
metric  compound. 


for  instance  by  Anderson  (1946),  by 
Lightstone  and  Libowitz  (1969),  and  by 
Geffken  et  al.  (1972).  In  cases  where  the 
distribution  of  the  point  defects  is  not 
statistical,  the  occurring  superstructures 
in  the  crystal  lattice  can  be  treated  in  the 
model  by  further  dividing  the  individual 
sublattices  into  " sub- sub  1 att i ces  " . 

We  take  into  consideration  only  the 
interior  of  the  crystal,  not  the  surface  or 
a  gas  phase  in  equilibrium  with  the  crystal. 
All  entropy  contributions  other  than 
configurational  entropy  are  taken  to  be 
independent  of  composition.  With  this  last 
assumption  we  follow  Chang  (1974),  Neumann 
et  a  1  .  (1976)  and  other  authors. 

3.-  The  equilibrium  condition 

Assuming  that  the  crystal  has  already 
reached  equilibrium  with  respect  to  all 
ia'*.e  imperfections  except  point  defects, 
the  Gibbs  free  energy  may  be  expressed  as  a 
function  of  the  various  point  defect  numbers 
v .  : 

G  =  G(p,T,v1,v2,...vn)  (2) 

In  complete  thermodynamic  equilibrium  the 
point  defect  concentrations  are  no  longer 
independent  variables: 

(G)M  m  =  G ( p , T )  equilibrium 
"l’"2 

If  we  keep  a  certain  amount  of  the  crystal 
at  constant  temperature  and  constant 
pressure,  the  equilibrium  condition  (1)  has 
the  following  general  form  ("equ"  means 
equilibrium): 


2 . -  Basic  assumptions 


The  distribution  of  the  point  defects 
is  assumed  to  be  statistical.  In  the  case  of 
interactions  between  point  defects 
additional  energetic  terms  are  used  in  the 
expression  for  the  Gibbs  free  energy,  as  it 
has  been  done  previously  by  other  authors. 


(d  G/dy i ) equdv 1 


+  (dG/dvn)equdvn 


0  (3) 


Equation  (3)  is  supplemented  by  a  sufficient 
number  of  additional  relations,  containing 
the  dv..  The  additional  relations  exist 
because'of  the  conditions  that  N .  and  N-  are 
constants  and  because  of  the  special  defect 
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mechanism  under  consideration,  that  makes 
some  of  the  dv.  become  zero  and  others 
become  dependent'of  each  other. 

With  the  help  of  the  additional 
relations  it  is  possible  to  eliminate  all 
the  dv  in  equation  (3).  The  explicit  form 
of  equation  (2)  (see  Wagner  and  Schottky, 
1931)  enables  us  to  derive  the  (dG/^v.)  . 
Together  with  some  relations  resulting  rrBm 
the  conditions  that  the  mole  number  and  also 
the  composition  of  the  l  ntermeta 1 1  i  c  phase 
are  fixed  quantities,  the  equilibrium 
condition  (3)  yields  a  system  of  x 
independent  equations  for  x  unknowns  that 
can  in  principle  be  solved. 


4-  B2-structure  model  (CsCl  structure) 

The  CsCl-lattice  can  be  seen  as  two 
interpenetrating  primitive  cubic  sub¬ 
lattices.  In  the  completely  ordered  crystal 
the  positions  of  the  a-suolattice  are 
occupied  by  atoms  of  kind  A  and  those  of  the 
6-sublattice  by  atoms  of  kfnd  B  only. 
Traditionally  the  B2-phase$  are  divided  into 
two  groups.  The  first  group  is  characterized 
by  an t i - s t rue t ure  atoms  on  both  sublattices. 
Interstitial  atoms  or  vacancies  are  not 
allowed  in  this  type  of  defect  mechanism 
( an t l - s t rue tu re  or  substitutional  type).  In 
the  other  group  the  only  allowed  point 
defects  are  vacancies  on  a-sublattice  sites 
and  A-atoms  on  6-sublattice  sites.  The  last 
defect  mechanism  has  been  called  triple¬ 
defect  type  by  Wasilewski  (1968).  Based  on 
the  Wagner-Schottky  model  a  number  of 
authors  have  developed  theoretical  models 
for  the  B2-structure ,  among  them  Chang  and 
Neumann  (1982)  and  Libowitz  (1971).  They  all 
developed  different  sets  of  equations  to  be 
applied  separately  to  ant i -structure  and 
t r i p 1 e -defect  B2-phases.  However,  diffusion 
measurements  (Gupta  and  Liebermann  1971, 
Hilgedieck  and  Herzig  1983)  as  well  as 
theoretical  considerations  (Neumann  1980) 
show  that  all  B2-phases  are  members  of  the 
same  family.  Substitutional  defects  and 
vacancies  should  be  allowed  on  both 
sub  1 att i ces  . 

The  existence  of  thermal  anti- 
structure  atoms  in  82-phases  is  caused  by 
interchange  between  atoms  on  their  regular 
lattice  sites  and  nearest-neighbor 
vacancies.  It  may  be  assumed  now  that  (for 
not  too  large  deviations  from  stoichiometry) 
the  tendency  for  this  interchange  is  for 
each  sublattice  independent  of  composition. 
With  such  an  assumption  we  are  able  to 
consider  both  types  of  defects,  l  .  e . 
substitutional  defects  and  vacancies  on  both 
sublattices  (Krachler  et  a  1 .  1989)  . 


The  model  contains  the  following 
parameters,  which  are  the  concentrations  of 
the  allowed  point  defects  at  stoichiometry 
(intrinsic  disorder): 


( nab/n 1 ) 


s  to i c  h  ’ 


(NBa/N'  ) 
((Noa  ♦ 


s to i c h  ' 

N0R)/n‘  ) 


to  i  ch 


N  ^  :  total  number  of  lattice  sites  (both 
sublattices ) 

Na5,  Ng^:  numbers  of  an t  i  -  structure  atoms 

Nct^',  N0ft:  numbers  of  vacancies  on  the  a-  and 
6-sublat.tices. 

Figures  1  and  2  show  applications, 
together  with  experimental  data  points. 

5.-  B8-structure  model  (NiAs  structure) 

The  ideal  NiAs-lattice  can  be  visu¬ 
alized  as  a  hexagonally  close  packed  array 
of  metalloid  atoms  (main  group  element) 
where  the  octahedral  holes  are  filled  with 
transition  metal  atoms.  The  allowed  point 
defects  are  vacancies  in  the  regular 
transition  metal  sites  (octahedral  holes) 
and  interstitial  transition  metal  atoms  (in 
the  trigonal-bipyramidal  holes).  There  are 
two  particular  ways  of  arranging  the  vacan¬ 
cies  in  the  transition  metal  sublattice: 
they  may  either  be  distributed  over  all 
sublattice  sites  or  they  may  be  restricted 
to  alternate  layers  resulting  in  a  partially 
filled  up  Cdl_-type  structure.  The  intrinsic 
disorder  is  caused  by  transition  metal  atoms 
which  leave  the  octahedral  positions  and 
enter  the  trigonal-bipyramidal  holes  (inter¬ 
stitial  positions).  It  is  assumed  that  the 
metalloid  sublattice  (B-sublattice)  remains 
un-d i sturbed .  The  transition  metal  sub¬ 
lattice  (a-sublattice)  is  divided  into  two 
parts  (a,  an d  a2)  consisting  of  alternate 
layers.  The  interstitial  sites  form  a  third 
sublattice,  the  i - sub  1  a tt i ce . 


The 

parameters 

mode  1 

contains 

the  following 

a  = 

(N^’/N1 

^  stoich  * 

B  = 

(N0a2/N> 

^  sto i ch 

Na^"  >  Nu  :  numbers  of  vacancies  in  the 
and  OCp  sub  1  att i ces 

N  :  total  number  of  lattice  sites  (a,,  a2 
and  6-sub  1  a 1 1 i ces )  £ 

H ■  =  interaction  energy  for  one  mole 
of  pairs  of  nearest-neighbor 
interstitial  atoms. 

Hv  =  interaction  energy  for  one  mole 
of  pairs  of  nearest-neighbor 
vacancies. 

For  a  =  B  the  vacancies  in  the  a- 
subiattice  are  distributed  over  all  sites 
whereas  an  increasing  difference  between  g 
and  B  means  that  the  number  of  vacancies  in 
alternate  layers  starts  to  differ, 
approaching  a  partially  filled  CdU-type 
lattice  for  which  one  of  the  disorder 
parameters  becomes  zero. 

Figures  3  and  ’•  show  applications, 
together  with  experimental  data  points. 
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Fig. 3.  Activities  of  antimony  in  the  y-NiSb 
phase  at  1173  K.  Standard  state: 
Sb(l).  Experimental  data  pc  nts  are 

from  leubolt  et _ a_K  (1a  .  The 

theoretical  curve  was  jlated 

using  the  parameters  giver  n  the 
f  i  gure . 
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Fig. 4.  Activities  of  tellurium  in  the  6-NiTe 
phase  at  873  K.  Standard  state: 
Te(l).  Experimental  data  points  are 
from  Ettenberg  et  a  1  .  (  1970  ).  The 

theoretical  curve  was  calculated 
using  the  parameters  given  in  the 
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Abstract 

An  ab  initio  description  of  the  long  range  order  of  multicomponent  alloys  is  carried  out  by  a  matrix,  which 
is  defined  by  the  atomic  fractions  of  each  component  for  each  sublattice.  The  large  number  of  parameters  can 
be  reduced  to  some  extend  taking  into  account  the  boundary  conditions.  These  parameters  would  be  basic 
for  a  multicomponent  Bragg-Williams  theory.  The  processes  of  ordering  and  disordering  are  described  by  the 
loci  of  composition  in  geometrical  representations  for  the  different  sublattices.  Continous  transitions  as  well  as 
transformations  in  steps  are  possible 


1  INTRODUCTION 

In  the  investigation  of  Heusler  alloys  (Heusler  1903)  and 
related  intermetallic  compounds  a  change  of  the  long  range  or¬ 
der  (Webster  1969)  may  be  observed  during  thermal  treatment. 
Order-disorder  transitions  are  possible  in  two  steps  (Wunsch 
1981.  Wachtel  1983).  These  transformations  are  of  great  in¬ 
terest,  since  the  magnetic  properties  of  these  alloys  are  mainly 
influenced  by  lattice  rearrangement  on  ordering  and  disordering. 
Since  the  ordering  in  multicomponent  compounds  cannot  gener¬ 
ally  be  described  by  one  order  parameter,  an  ab  initio  description 
for  multicomponent  compounds  is  developed  in  this  paper. 

2  BASIC  IDEAS 

Let  i'u  be  the  fraction  of  I  atoms  (7  g{A,  B,  C,..})  of 
the  sites  of  the  sublattice  .7  (.7  6  {X,  Y,  Z, . . } )  The  following 
equation  may  be  deduced  accordingly  to  the  definition: 

I>,-1  HI 

/ 

In  the  case  of  the  stoichiometric  composition  the  following  equa¬ 
tion  also  holds 

i>-'  =  i  ,2) 

.i 

Another  possibility  of  defining  is  taking  into  account  the  frac¬ 
tions  of  the  whole  lattice 


A  structure  with  three  equivalent  sublattices  in  a  ternary 
system  (this  is  a  fairly  hypothetical  case)  could  be  described  by 
the  use  of  four  long-range  order  parameters.  Taking  into  ac¬ 
count  a  condition  of  symmetry,  which  will  be  described  later  on. 
the  number  or  free  parameters  will  be  reduced  to  three  Three 
parameters  can  be  displayed  in  a  three-dimensional  diagram 

A  structure  with  four  equivalent  sublattices,  as  in  the  Heus¬ 
ler  alloys,  in  a  quaternary  system  would  need  nine  order  param¬ 
eters.  the  symmetry  condition  diminishes  this  number  to  six  Six 
parameters  can  only  be  displayed  in  a  six-dimensional  space 

A  random  distribution  of  atoms  gives  the  relations 

,  1,1 

i'u  =  —  and  i'u  =  y  <°> 

Deviations  from  this  values  may  be  regarded  as  a  measure  of  the 
order 

Su  =  i'u  -  y  (C) 

Yj.Su  +  =  1 

i  -v  ; 

£  Su  =  0  (S) 

.1 

A  perfect  order  would  result  in  the  following  equation 

I'U  =  b)J  (0) 


with 

I'U  ~  .v  ,  (4) 

A  structure  with  ,Y  sublattices  and  .V  components  needs  Y  1 
quantities  for  the  description  The  2.Y  equations  of  Eqs  (1) 
and  (2)  result  in  2.Y  -  1  conditions,  since  the  last  condition  is 
obeyed  automatically  if  the  others  are  fulfilled  This  procedure 
yields  |  ,Y  -  1 free  parameters. 

A  structure  with  two  sublattices  in  a  binary  system  can  be 
described  by  one  parameter  The  long-range  order  parameter 
according  to  Bragg-Williams  is  well-known. 


if  the  7  and  the  .7  are  defined  accordingly,  fi/j  is  the  Kronecker 
symbol  (f’u  —  1  if  /  =  .7  and  Tv./  =  0  else).  Deviations  from 
this  may  be  considered  as  a  measure  of  disorder: 

fil  l  =  ^ij- i'u  HO) 


Eqs  (1)  and  (2)  it  follows 

,v  .v 

I  l 

,\  .v 

5Z  A/j  -  au  =  1  °  =  0 


(11) 

(12) 


With  Eqs  (10)  and  (11)  a  matrix  of  i'u  for  ,Y'  =  4  may  be 
written  as 


1  b-j 


Eq  (12)  will  yield  other  simplifications  In  the  following  matrix 
Eq  (12)  is  taken  into  ac count  for  .V  .3 


The  expression  A  describes  a  circular  exchange  x  >y  ■  z  ■  x 
which  makes  globally  no  sence.  but  locally,  e  g  in  the  surround¬ 
ings  of  antiphase  boundaries,  this  may  occur  In  the  following 
this  rotation  can  be  neglected  The  remaining  three  disorder 
parameters  descibe  the  pairwise  exchange  for  two  of  the  sublat¬ 
tices 

In  the  case  A  —  i.  the  circular  exchange  is  more  compli¬ 
cated.  three  parameters  A,  describe  different  circular  four  site 
exchanges  Four  different  circular  three  site  exchanges  can  be 
composed  by  the  circular  four  site  exchanges  In  binary  systems 
with  two  sublattices  no  circular  exchange  exists 

I  he  remaining  parameters  are  .  o  !  o  ,  |,  .1 1.  n_.  |.  n  A| .  A. ■ 
and  A  If  the  circular  exchange  is  neglected  only  six  parameters 
ar»  remaining  The  rest  matrices  of  the  disorder  parameters  and 
of  the  occupation  parameters  are  symmetric  or  can  be  trans¬ 
formed  into  the  symmetric  form  by  conventional  methods 

The  geometrical  representation  of  the  fractions  of  the  dif¬ 
ferent  kinds  of  atoms  in  a  sublattice  will  be  carried  out  using  a 
line  for  binaries,  using  a  triangle  for  ternaries  and  for  quaternaries 
a  tetrahedron  will  be  suitable  For  the  geometrical  representa¬ 
tions  so  many  points  are  necessary  as  sublattices  exist  In  these 
geometrical  representations  Eq  (1)  is  regarded  automatically 
Eq  (2)  may  be  transformed  in  geometrical  rules,  but  the  formu¬ 
lation  is  not  simple  in  every  case  especially  if  deviations  from 
the  stoichiometry  occur 

Another  possibility  of  geometrical  representation  is  plotting 
fractions  of  each  sublattice  for  all  components,  in  this  comple¬ 
mentary  representation  Eq  (2)  is  regarded  automaticalV  If 
the  circular  exchange  is  neglected  the  description  will  be  slightly 
more  clear  (especially  for  A  3  if  for  each  sublattice  a  separate 
definition  of  the  direction  is  chosen) 

Limiting  cases  show  an  impressive  clearness  Perfect  long- 
range  order  requires  that  the  loci  of  the  sublattices  are  at  the 
ends  and  in  the  corners,  respectively  (Fig  la)  In  the  case  of 
random  solution  the  loci  of  all  sublattices  coincide  and  are  sit¬ 
uated  at  the  points  of  the  alloy  composition  (Fig  lb)  Fartial 
orders  may  be  described  by  the  centers  of  edges  or  facets  (Figs 
lc  and  Id)  The  circular  exchange  is  demonstrated  together 
with  partial  order  in  Fig  lc  The  complementary  representation 
giving  the  distribution  of  different  sublattices  for  each  compo¬ 
nent  is  demonstrated  in  Figs  le  and  If  Figs  le  and  If  are  in 
correspondence  with  Figs  lb  and  lc,  respectively. 
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Fig  1  Geometrical  representations  of  matrices  for  quaternary 
systems.  The  matrices  are  shown  for  compirison  a  '  :  er feet 
order  b  )  Random  distribution  c.)  Partial  circular  e.  nange 
in  perfect  order,  d  )  Partial  order,,  e  and  f  )  Complementary 
representation  of  the  cases  in  b  and  c 


3  ORDER-DISORDER  PROCEDURES 

Ord"r-disorder  procedures  are  described  by  curves  connect¬ 
ing  limiting  cases  Figures  1  to  3  are  constructed  assuming  a  con- 
tinous  change  of  the  degree  of  order,  as  it  is  known  for  higher 
order  reactions.  If  the  degree  of  order  diminishes  at  a  critical 
temperature  discontinously  to  zero  according  to  a  first  order  re¬ 
action,  a  break  of  the  curves  through  a  two  phase  region'  from 
the  ordered  state  to  the  random  solid  solution  must  be  imagined 

Figures  2  a  to  c  represent  the  disordering  in  distinct  steps 
A  different  way  of  disordering  is  depicted  in  Figs  2  d  and  e  A 
completely  simultaneous  disordering  is  given  in  Fig  2  f 

If  tne  process  of  disordering  is  partly  simultaneous,  curved 
loci  as  in  Fig.  3  will  arise 

In  fieusler  alloys  the  lattice  sites  A  and  C  are  occupied  by 
the  same  species.  Therefore  the  geometrical  representation  has 
to  be  modifi"H  (Fig.  4). 

4  CONCLUSION 

The  representation  used  here  may  also  be  applied  for  devi¬ 
ations  from  stoichiometry  and  for  vacancies.  Equation  (2)  must 
be  modified  accordingly. 
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Fig.  3.  Different  procedures  of  partly  simultaneous  disordering 
a.)  According  mainly  to  the  procedures  ot  Figs  2a  and  2b.  b) 
According  to  Figs.  2d  and  2e.  c.)  According  to  Figs  2a.  2b 
and  2c. 
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Fig  4  Geometric  representation  for  a  Heusler  alloy.  Component 
A  and  C  may  be  identical  a.)  Perfect  order,  b  )  Disordering  in 
two  steps,  partly  simultaneous,  c.)  Random  distribution. 


Fig  2  Different  procedures  of  disordering  a  to  c  )  Disordering 
in  three  distinct  steps  d  and  e.)  Disordering  in  two  distinct 
steps  f  )  Discrdenng  in  one  step 


Since  the  order  f  multicomponent  ompounds  has  to  be 
described  by  a  set  of  order  parameters,  it  turns  out  that  the  en¬ 
ergetic  description  will  need  a  set  of  energy  parameters 
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Abstract  : 

Using  a  high  temperature  Calvet 
calorimeter,  the  molar  enthalpy  of 
formation  of  liquid  Ga-Pb  alloys  has  been 
measured  at  890  K  on  a  large  range  of 
concentration . 

D.T.A.  experiments  and  heat 
capacities  measurements  in  the  solid  and 
liquid  states  have  been  conducted  using  a 
D.S.C.  calorimeter  in  order  to  confirm  the 
limits  of  the  miscibility  gap. 


1.  Introduction  : 

As  a  part  ot  our  continuing 
thermodynamic  study  of  binary  or  ternary 
alloys  which  presents  a  miscibility  gap  in 
the  liquid  state,  we  have  investigated  the 
Ga-Pb  sytem. 

This  study  deals  with  the  enthalpies 
of  formation  of  liquid  Ga-Pb  alloys  at  890 
K  and  the  equilibrium  phase  diagram 
between  500  and  900  K. 

2.  Bibliographic  survey  : 

2.1.  Phase  diagram  equilibrium  : 

Due  to  Predel  (1959)  (PR1),  by  using 
D.T.A.  measurements,  this  phase  diagram 
equilibrium  is  resumed  in  the  compilation 
of  Elliott  (1965)  [ELL). 

This  system  (fig.  1)  presents  a  large 
miscibility  gap  between  0 . 024<xp^0 . 954 
from  586  K  to  880  K.  Concentration 
( Xpjj-0 . 954 )  and  temperature  (T=586  K) 
correspond  to  monotectic  reaction. 

2.2.  Thermodynamics  properties  : 

In  1988,  in  their  compilation  Kawai 
and  Shiraishi  (1988)  [KAWJ  have  chosen  the 
calorimetric  measurements  due  to  Predel 
and  Stein  (197  1)  ( PR2  J .  These  mixing 
enthalpies  are  in  good  agreement  with  the 
values  obtained  by  Desideri  and  Piacente 
(  1973)  [DES]  but  they  differ  with  Kwong 
and  Munir  (1973)  [KWO]  results,  the  both 
obtained  from  activities  measurements 
(fig.  2). 


3.  Experiment  : 

3.1.  Compound  purity  and  measurements 
accuracy  : 

All  measurements  were  performed  under 
argon  U  atmosphere  (cleaned  by  flow  in 
titanium  sponge  at  1100  K)  with  high 
purity  metals  :  gallium  and  lead  with  a 
purity  of  respectively,  99.995  %  and 
99.999  %  from  the  Koch-Light  Comp.. 

D.S.C.  Ill  apparatus  allows  us  to 
reach  the  heat  capacities  values  with  a 
precision  of  2  %  and  the  values  of  the 
mixing  enthalpy,  which  are  measured  with  a 
Calvet  calorimeter,  are  known  with  a 
precision  of  3  % . 

3.2.  Heat  capacities  measurements  : 

By  using  a  differential  scanning 
calorimeter  D.S.C  111  ( SETARAM  Soc.),  with 
a  linear  programmation  of  the  calorimeter 
temperature  by  steps  [GA1],  we  have 
measured  the  heat  capacities  of  nine  Ga-Pb 
alloys  ( 0 . 1 <Xpp< 0 . 9  and  600  <T/K<900  ). 

At  the  time  of  these 
experimentations,  we  have  observed  on  the 
one  hand,  a  large  deviation  from  the 
Kopp-Neumann  law  in  the  miscibility  gap 
region,  and,  on  the  other  hand,  a  break  in 
the  curve  of  the  heat  capacities  versus 
temperature  when  we  reach  the  single 
liquid  phase  (fig.  3).  This  break  allows 
us  to  determine  the  temperature  limit 
between  the  miscibility  gap  and  the 
monophase  liquid  region. 

These  results  have  been  controlled  by 


some 

D.T.A  measurements  and 

are 

gathered 

in  figure  1  and  table  1. 

Table 

1  : 

Ga-Pb 

phase 

diagram:  our 

results , 

literature  data. 

xPb 

T/K 

Cp 

D.T.A. 

Ref  . 

Predel* 

0,024 

585 

0, 10 

715 

790 

0,15 

801 

0 , 20 

830 

855 

0,30 

855 

875 

0 , 40 

875 

880 

0,50 

880 

874 

880 

0,60 

870 

870 

0,70 

835 

850 

0,80 

780 

810 

0,85 

763 

0,90 

680 

710 

0,945 

585 

♦read 

on  the  Predel 's  graph  fPRl] 

These  limit 

values  determined 

both  by 

heat 

capacities 

and  thermal 

analysis  are 

in  good  agreement.  If  all  our  results 
confirm  the  symmetry  of  the  miscibility 
gap  proposed  by  Predel  (1959)  (pRl), 
however,  we  have  found  some  slight 
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differences  from  the  coordinates  of  this 
limit. 

Mixing  enthalpies  measurements: 

In  order  to  control  the  difference 
between  the  values  proposed  by  Predel  and 
Stein  (1971)  [PR2]  determined  by 

calorimetry)  and  Kwong  aid  Munir  (1973) 
[KWO]  (derived  frcm  activities 

measurements),  we  have  measured  at  890  K 
the  integral  mixing  enthalpy  of  eleven  Ga- 
Pb  liquid  alloys  by  using  a  high 
temperature  Calvet  calorimeter  (500K  -1300 
K).  A  detailed  description  of  this 
apparatus  has  been  already  published  by 
Gambino  (1976)  [GA2 ] .  For  our 

experimentations  a  complete  automatisation 
has  been  carried  out  by  Rebouillon  (1989) 
[REB],  (fig.  4). 

Our  experimental  values  presented  in 
table  2  are  described  by  the  following 
equation : 

AmixHm  =  *Pb(l  "  xPb)(21033,2  -  30261,4 
Xpb  +  27403,0  X2pb  -1,999  23x3pb) 


4 .  Conclusion  : 

From  these  results  we  are  able  tc 
specify  the  precedent  determinations  of 
the  phase  diagram  in  the  liquid  state  and 
to  confirm  the  mixing  enthalpy  of  this 
system. 
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Table  2 

xPb  /\mixHm/J- mo1  1 

Experimental  values 


[KWO]  Kwong  A.F.,  Munir  Z.A.,  (1973) 
J.  Less-Common  Metals . 30 . 387-393 . 

[PR1]  Predel  B. ,  (1959) , 

Z.  Metallkde , 5fi , 11 , 663-667 . 


0.15 

0.29 

0.38 

0.40 

0.46 

0.51 

0.58 

0.62 

0.65 

0.71 

0.76 


2186 

3002 

3065 

3243 

3201 

3308 

3092 

3012 

2752 

2705 

2588 


[ PR2 ]  Predel  B. ,  Stein  D.W. ,  (1971) 

J.  Less-Common  Metals ,2A , 159-171 . 

[REB]  Rebouillon  P. ,  (1989), 

These  de  1 'University  de  Provence- 
Sciences,  France. 


These  results  have  been  compared  with  the 
literature  (table  3)  and  are  ir,  good 
agreement  with  Kwong  and  Munir's  (1973) 
determinations  [KWO]. 


Table  3 

•A.raixHm/J • ra°l  1 


*Pb 

Predel 

Kwong 

Desideri  Kawai 

Exp 

923  K 

1000  K 

1143 

K  1000 

K  890 

0. 1 

1172 

1966 

2100 

1194 

0.2 

3008 

2343 

3054 

2990 

2303 

0 . 3 

3519 

3012 

3556 

3011 

0 . 4 

37  78 

3  347 

3765 

3800 

3360 

0.5 

3853 

3389 

3840 

3860 

3394 

0 . 6 

3728 

3096 

3728 

3700 

3154 

0.7 

3227 

2761 

3284 

2684 

0.8 

2711 

2008 

2699 

2770 

2026 

0.9 

1629 

]  ">13 

1611 

1840 

1222 

*  smoothed  values. 


fig.  1  Ga-Pb  SYSTEM- PHASE  DIAGRAM 
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Ft Q.  2  Ga-Pb  SYSTEM:  MOLAR  ENTHALPY 


0..  0.«  0.«  P.* 
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Heat  capacity  measurements 
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Abstract . 

Cons t i t u t i onal  properties  of  the  Ce-Al  system  are  briefly  summarized. 
The  thermodynamic  data  concerning  the  formation  of  these  alloys  have  been 
revised  and  compared  with  the  experimental  values  recently  obtained  by  our 
group  in  the  measurements  of  the  formation  heats  of  the  Ce-Al  alloys.  These 
data  together  with  the  already  known  phase  diagram  data,  have  been  used  to 
obtain  an  optimized  description  of  the  system. 


1 .  -  Introduction 

The  constitutional  properties  of  the 
R-Al  systems  were  recently  assessed  and 
presented  by  Gschneidner  and  Calderwood 
(1988  and  1989).  In  a  recent  paper  Borzone 
et  al .  (1990)  reported  data  concerning  a 

thermodynamic  investigation  of  the  Ce-Al 
system. 


2.  -  Ce-Al  system 

The  phase  diagram  of  the  Ce-Al  system 
was  determined  by  Buschov  and  van  Vucht 
(1966)  and  assessed  by  Gschneidner  and 
Calderwood  (1988).  The  following  phases  were 
reported : 

a-Ce3Al  (low  temperature  phase),  B-Ce3Al 
(high  temperature  phase,  congruent  melting), 
CeAl  ( per i tec t  ic  )  ,  CeAl2  (congruent 
melting),  C.'eAl.i  (  pe  r  i  tec  to  id  ic  )  ,  a-Ce3Alii 
(low  temperature  phase),  B-CesAlii  (high 
temperature  phase,  peritectic).  No  extended 
solid  solubilities  have  been  observed. 


Several  contradictions  appear  between 
the  different  measured  values.  A  similar 
situation  probably  holds  for  several  R-Al 
systems.  This  was  noticed  by  Ran  et  al . 
(1989)  while  carrying  out  a  thermodynamic 
optimization  of  the  Al-Y  system.  Instead  of 
using  experimental  values  of  they 
preferred  to  use  a  set  of  values  estimated 
on  the  basis  of  the  Miedema  model.  In  the 
case  of  Ce-Al  system  we  believe  however  that 
for  the  AHf  °f  the  solid  alloys  the  final 
values  reported  by  Borzone  et  al .  (1990)  can 
be  considered  the  most  reliable.  These 
values  indeed  were  obtained  from  a  new  group 
of  experimental  data  critically  assessed 
taking  into  account  the  available 
information  of  other  calorimetric 
investigations  and  the  general  alloying 
behaviour  of  cerium. 

The  assessed  version  of  the  phase 
diagram  and  the  accepted  trend  of  the  ^Hf 
are  reported  in  figure  1. 


3,  -  System  optimization 


As  for  the  thermodynamics  of  the  R-Al 
alloys  several  investigations  have  been 
reported  in  literature  (Gschneidner  and 
Calderwood  1988  and  1989).  In  the  specific 
case  of  the  Ce-Al  system  the  following 
thermodynamic  properties  have  been 
desc  r i bed : 


^\Hr  of  solid  alloys  were  investigated  by 
acid  solution  calorimetry  (Biltz  and  Pieper 
1924),  by  liquid  Al  solution  calorimetry 
(Colinet  et  al  .  1985  and  Sommer  and  Keita 

1987),  by  direct  calorimetry  (Borzone  et  al. 
1987).  e  i  t  of  several  compounds  were 

measured  by  Sommer  and  Keita  (1987);  AGc*  of 
solid  alloys  were  studied  by  the  e.m.f. 
method  (Kober  et  al.  1982),  AH« i x  of  liquid 
alloys  were  investigated  by  high  temperature 
dissolution  calorimetry 
Zviadadze  et  al  .  1976) 

free  energy  of  mixing 
Knudsen  effusion  method 
1979  )  . 


(Esin  et  al  .  1979 , 

and  partial  Gibbs 
were  measured  by 
(Shevchenko  et  al  . 


The  thermodynamic  optimization  of 
the  system  was  carried  out  by  using  the 
Lukas  program  (Lukas  et  al.  1982). 

The  Gibbs  free  energy  of  the  pure 
elements  was  expressed  by  the  formula 

Gp  e  =A-BT  +  CT ( 1-1 nT ) -DT2 /2-E/ ( 2T ) -FT3 / 6  ( 1  ) 

and  the  coefficients  A-F  (reported  in 
table  1)  were  interpolated  from  literature 
data  (Chase  et  al .  1985). 

The  intermediate  solid  phases  were 
described  as  stoichiometric  and  solid  state 
transformations  (when  present)  were  ignored. 
Their  Gibbs  free  energy  is  expressed  by  the 
f  ormula 

Gs  p  =Gp  t ( Ce  )  xr  »  +Gp  e ( Al ) ■ xa  l  +AHf -T  ASf  ( 2 ) 

The  composition  dependence  of  the 
excess  functions  of  the  liquid  has  been 
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TABLE  1  - 

elements  ' 

Coefficients  used  in  the 
(see  equation  (1)). 

analytical 

expression  of 

the  G i bbs  f  ree 

energy 

of  the  ! 

Phase 

A 

B 

C 

D 

E 

F 

t- Ce 

-6786 . 3 

-125 . 24583 

21 . 203316 

.0163624 

78324  . 

0.0 

6-Ce 

-12102.9 

-219.28903 

37.614159 

0.0 

0.0 

0.0 

Ce (liq) 

-7135.7 

-217.40366 

38.074402 

0.0 

0.0 

0.0 

A 1  (  s  o  1  ) 

-10015.4 

-148 .49649 

31 . 375809 

-.0163929 

-360661  . 

2.0753 

10-  5 

A  1  (  1  i  q  ) 

-776.6 

-145.62338 

31.748199 

0.0 

0.0 

0.0 

a) 


1400 

O 

V  1000 

CO 

w- 

<D 

a.  600 

E 

<u 

I- 
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< 
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Fig.l  -  Ce-Al  system. 

a)  Phase  diagram.  The  transformation 

temperatures  of  the  different  phases  are 
indicated:  725  'C  y-6  Ce ;  250'C  a-B  Ce3Al; 

1 020 " C  a-B  Ce3  Al i l  . 

b)  AH  of  formation  of  the  solid  Ce-Al  alloys 

(Borzone  et.  al  .  1990). 


TABLE  2  -  Coefficients  calculated  (see 

equations  (2)  and  (3)). 


Phase 

Loa  Lob 

Li  a  Lib 

Liq  . 

167593.1  -97.91327 

36060  11.14867 

Phase 

A«f 

ASf 

Ces  Al 

-27000* 

-12 . 30281 

CeAl 

-46000* 

-20.39961 

CeAl2 

-50000* 

-19.58768 

CeAl3 

-44000 

-17.30780 

Ce3  All l 

-41000* 

-16.02630 

(*>  These  coefficients  were  not  calculated 
but  accepted  from  Borzone  et  al  .  (1990). 


described  by  a  series  expansion  of  Legendre 
polynomials : 


GeIt=xce  xai  S(Li  Pi  (x)  )  (  i  =  0 , 1  )  (3) 

where  Li  are  temperature  dependent 
parameters  of  the  form  Lia-Lib  T. 

The  thermodynamic  descriptions  of 
the  Ce-Al  phases  were  optimized  by  means  of 
a  least  squares  procedure  described  by  Lukas 
et  al .  ( 1977 ) . 

Optimization  was  carried  out  using 
the  following  experimental  data: 

-  Three  phase  equilibria  and  liquidus  curves 
from  the  assessed  phase  diagram  (Gschneidner 
and  Calderwood  1988); 

-  of  the  solid  phases  (Borzone  et  al . 
1990); 

-  AHd  i  b  in  liq.  Al  (Sommer  and  Keita  1987); 

-  AH. e i t  (Sommer  and  Keita  1987); 

-  Ah» > *  (Esin  et  al .  1979,  Zviadadze  et  al . 

1  976  )  . 
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Ca  x  A]  «1 

Fig.  2  -  t'e-Al  system:  computed  phase  diagram 
compared  to  the  data  points  (*)  belonging  to 
the  assessed  liquidus  curve  (Gschneidner  and 
Caiderwood  1988). 


Ca  x  A1  AX 

Fig,  3  -  Ce-Al  system:  computed  and 
experimental  AH*  i  * .  The  three  Ce-richest 
experimental  points  after  Esin  et  al.  (1979) 
were  not  used  in  the  calculation. 


3.1  -  Results  and  discussion 

A  preliminary  calculation  was 
carried  out  using  all  the  experimental  data 
cited  above  but  the  results  were  not 
completely  satisfactory.  A  good  agreement 
was  obtained  in  a  successive  calculation 
after  having  rejected  certain  data  reported 
in  literature  (Esin  et  al  .  1979)  for  the 
AH. i «  of  the  Ce-rich  liquid  alloys. 

The  parameters  AHf  ,  ASf  and  Li 
occurring  in  the  expressions  (2)  and  (3)  and 
now  calculated  are  shown  in  table  2. 

Figure  2  shows  a  comparison 
between  the  calculated  and  the  experimental 
phase  diagrams:  the  good  agreement  is 
apparent.  Figure  3  summarises  the  trend  of 
the  calculated  AH.  i  x  in  comparison  to  the 
experimental  values  (in  a  first 
approximation  AH*  i  x  was  considered 
temperature  independent  because  of  the  small 
differences  reported  for  different 
temperatures  and  the  low  number  of 
experimental  points). 

As  a  final  consideration  it  should 
also  be  underlined  that  the  overall 
consistence  of  the  data  seems  to  confirm  the 
good  reliability  of  the  AHf  of  the  solid 
alloys  recently  determined  and  used  in  this 
opt im i zat ion  . 
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THE  METASTABLE  PHASE  IN  Fe-C  ALLOYS 
Anatoly  LJAKUTKIN 

Institute  of  Nuclear  Physics  AS  Kazakh  SSR,Alma-Ata,4B0082 
Abstract. - 

The  metastable  bcc  phaaa  is  crystallized  ■from  malts 
in  Fa-C  Alloys  with  contants  of  carbon  up  to  1.5  wt  pet 
where  tha  fee  phasa  is  stabla  at  high  tamparatura.  Tha 
maasuramants  was  conducted  by  the  magnetic  susceptibility 
method. 


In  tha  course  of  investigations  of  tha 
phasa  transf or mat ions  in  Fa-C  alloys  by  tha 
Thermal  Magnetic  Analysis  Method  <  in  which 
tha  magnetic  susceptibility  of  a  dia  -  or 
paramagnetic  substance  is  measured  as  a  fun¬ 
ction  of  tamparatura  >  it  was  established 
that  tha  malts  of  Fa-C  alloys  with  contents 
of  C  up  to  1.5  wt  pet  is  crystallized  into 
metastable  bcc  8  -phasa  ,  in  spite  of 
stability  of  fee  IT  -phase  at  hiqh  tampa¬ 
ratura  at  alloys  with  contants  of  C  more 
than  0.51  wt  pet  <  Ljakutkin  at  al .  1984). 
This  matastabla  8  -phasa  is  transf ormated 
into  stabla  T  -phasa  after  certain  super¬ 
cool  inq  tha  value  of  what  was  up  to  100  C. 

It  was  established  also  that  malt  of 
pure  Fa  is  crystallised  in  any  avant  into 
bcc  8  -phasa  avan  then  tha  supercool inq  of 
malt  was  bellow  than  1400  C  i.a.  in  tha  re¬ 
gion  of  existence  of  fee  IT  -phase  . 
This  is  tha  evidence  of  preference  bcc  stru¬ 
cture  at  high  tamparatura  and  that  a  pattern 
of  metallic  melts  is  in  mora  accordance  with 
bcc  than  fee  structure.  The  solidification 
into  a  intermediate  phases  was  discovered  in 
some  fee  metals  (Ni ,Co,Cu,Pt>  (  Ljakutkin 
19821  Ljakutkin  1988). 

The  obtained  results  can  be  explained 
by  the  assumption  that  solidification  occur 
in  accordance  with  the  diagram  of  metastable 
equilibrium  <  if  the  lines  of  solidus  and 
liquidus  of  8  -phase  is  continued  in  the 
reqion  of  carbon  contents  more  than  0.51  wt 
pet  )  (Ljakutkin  et  al .  1984). 


1300  1400  T,C  0.5  1.0  1.5 

Fig.l.  The  temperature  dependence  of  MS  for 

alloy  Fe-1.5C  wt  pet.  -  heat.  ) -  -  -  cool. 

Fig. 2.  Diagram  Fe-C.  The  metastable  equi¬ 
librium  is  shown  by  the  dotted  lines. 
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